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ABSTRACT

SHIELDING AND RADIATION ANN.YSIS

NERVA PHASE I ACTIVITY

This report describesshield nuclear and thermal design ckJtawand radiation environment

cbta generated during PhaseI of the NERVA Contract. The shield nuclmr anolyses include

definitions of the mdlation environment around a shielded and unshieJdedcore, propellant tank

heating for the shielded and unshielded conditlomw and a vehicle optimization study for deter-

mining the minimum weight of the vehicle systemrequired to Ilmlt the propellant heating to an

acceptable level. The thermal analyses were carried out for both the heated bleed and the hot

bleed cycles. Various heat *=xchangershield design configumtlom were investigated and are

included in this report.
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1.0 INTRODUCTION

The pu.-poseof this report is to present the information generated during Phase I

of t1_eNERVA Contract pertoining to shield nuclear and tt_lrmol designand to the reactor

radiation environment.

The piopmed shield for the NERVA engine is an integral port of the reactor

assembly. The pr;rnary purposeof the shield is to reduce the limiting of the hydrogen in the

propellant kink in order to minimize the vehicle systemweight.

The mechanical design of the shield and the physical Properties of the lithium

hydride neutron shield material are described in detail in other nIports.

The nuclear analysis includes the definition of the radiation environment around

a KIWI B-! reactor which has opemtlld for 20 mimltes at 1120 MW, for both the unshielded

and what is presently concek_l to be the maximum shielded case.

11_ tokil _leat input to the PrOlsellant tank for an unshielcll condition was cal-

culated for three kink bottomhalf angles of 25°, 30°, end 37.5 ° for a 30 foot dklmeter kink.

A pommetiic study of torlous shield thicknessesand diclmetllrs was _ carried out to deter-

,nine t'_ir el'fec.i (_ t',,e ;mat inlet to tile Propellant kink for the some thlie half angles.

A vehicle shielcfrm optimilation study was olin pecflmllid to cbtemline the mini-

mum weigttt of the vehicle systim rlquired to limit _ Propellant heating to an acceploble

level. Sameof Ihll pllmmetols in the s_ included: selmration 8stance of core and pro-

pelklnt kink, shield thickness, rank ingle, end priuure o4fIlvl prapelklnt in Hie kink.

S_I hint achangm" _ lliin ¢mNdtlpaeti_ _ i_ga_ i_l_ng

t il _ Illt l_y, Ind virlolt I of cyltitiel ca_¢ genii, nNmlml

etlllysel i calirlid out i both _t klml i end _ i i cycles.

CONflOENII
!
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1976069347-018



f'f%l_l C._ Ir_ r'&lTI AL.

..,. ..... ,w ._ : • _,,--.,- _A " ronuclear
,;,,.,......:.._:;-.J " " ;_'3_'4
2.0 SUMMARY AND CONCLUSIONS

The radiation environment around on unshielded ond a moximum shielded

KIWI B--1reactor core hos been presented for subsequentdetermination of heating rotes,

activation data, ond other analysis pertainin 9 to the engine, vehicle components,ond

propellont of the NERVA system.

Two separate nuclear radiation studies were carried out. The first dealt with

a minimum weight shield systembasedon shield parametersof thickness, distribution, and

shapefor a 90% reduction in total propellant tank heat input and at the minimum tank to

"-ngine separation distance as determined by engine componentarrangement. From this

study, it was determined that the shield composition should be 63% lithium hydride, 27%

stainlesssteel and ]0% void for coolant passages. It should have a uniform thicknessover

the core radius and have a conical lateral surface reducing to zero thickness at the reflector

radius for all tank bottom geometries.

Fora 90% heat attenuation in a 30 foot diameter tank with a bottom angle with -+

respect to the core center of 37.5°, a shield is required which has a thicknessof 31.5 cm and
+. p"

weights 1660 pounds. It is note-worthy that only 3% of the total shielded heat input to the

propellant is due to fast-neutrons. Thus, the gradient of heat deposition at the front face

of the propellant and any tenclancy for the propellant to stratify is markedly reduced by the

shield.

The secondstudy, termed the optimization study, included the following para-

meters: zeparation distance of core and propellant tank, shield thickness, tank angle with

respect to the core center, and propellant pressure. This studydetermined the minimumweight

systembased on the assumptionthat 10% of the propellant remained in the tank at the end of

eJ lglJ hr.1
2

Jk+_+ __I_ ILl+_ • • _ -
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operation and that at this point the hydrogen wasa saturated liquid. The flow model within

the tank d,_ringoperation was the completely mixed case.

Several recommendationscan be made as a result of the optimization sludy.

(I) A tank angle of 37.5° shouldbe usedas a basisfor preliminary designs. (2) The tank

design pressureshould be 20 psia, or the minimumcommensuratewith structural requirements.

(3) Theoptimum shield weight for a 30 psia tank pressureis about 650 Ibs. The arrangement

for this systemconsistsof a lithium hydride - stainlesssteel shield :overing the reflector

radius (62 cm.); and having a 9.5 cm. thickness; the bottom of the tank is located 8.5 feet

above the core center. This shield weight can be reduced to some extent by shaping.

V_en a more definite value is established for the amount of propellant to remain

in the tank for decay heat coaling purposes,the optimization study mustbe reviewed. In

general: however, it does not appear that a 90% heat attenuating shield at minimum tank to

engine separation will be required if the propellant flow model approaches the mixed flow case.

The shield mechanical designselected for a flight engine after investigation of many

possibleconfigurations consistsof cylindrical lithium h)clride pellets enca:-d in stainlesssteel

cylinders that are sealed with welded steel end plugs. These capsules are 0.5 inches in diameter

and are bundled between two steel supportplates in a triangular array to form the shield.

De radiation heating deposited in a 31.4 cm. thick shield is approximately 2.1 MW.

The maximumheat rate is 0.60 BTU/sec - in3 at the face of the shield immediately above the

reactor. FoJthe heated bleed cycle which flows approximately 4.0 poundsper secondof hydrogen

through the shield, the maximumtemperature of the lithium hydride pellets is maintained at about

700°R below the;, melting temperature even with the adverse tolerance buildup condition.
i

1976069347-020



3.0 SHIELD NUCLEAR DESIGN

3.1 ANALYTICAL METHODS

Shielding Computer Program 14-01 was usedto calculate gamma ray fluxes and

dose rotes, and fast neutron dose rotes in and around the reactor-shield assembly.

This programevaluates point-to-polnt kernel functions and integrates over

cylindrical sourceregions to perform reactor-shield penetration calculatiom. Reactor and

shield geometries are described by combinations of regions formed by rotation of rectangles

and trapezoids about the reactor-shield axis or parallel axes or by tmmlatlon of convex

quadrilaterals parallel to any axis of the rectangular coordinate system. Compositionsare

expressedas volume fractions for each material In the reactor-shield assemblyand are assoc-

iated with the appropriate geometrical regions by code numbers. The distances traversed

from each sourcepoint to the detector are determined by a stepping procedure in conjunction

with an analytical procedure.

Cylindrical volume, cylindrical or plane surface, axial or radial line, or point

sourcesmay be described. Source-demity distrlbutiom must be the ,._amefor neutronsand

gamma rays, and are assumedindependent of angular position, but are separable along the

radius and axis of the source region.

Gamma my fluxes and time and energy absorption rates can be computed for

positions around sourcesomitting photonsof as many as twenty sourceenergies. Exponential

attenuation is used in conluncflon with empirical expriiom for combining buildupfactors

-!
-_ in light and ,Seavymaterial.

<'i _If_|lp.------ ---. I I 4........ -wWmFgmI11 I_
% r
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An extensive modification of a material attenuation function suggestedby

R. D. Albert and T. A. Welton2 Is used for computing fast neutron doserates from fission

source_in mixturesof hydrogenousand heavy shield materials. This theory combinesa

theoretical hydrogen crass-section with integration over the fission neutron spectrum to

obtain the uncolllded flux as a function of penetration distance Into the shield medium.

The attenuation effects of materials other than hydrogen are included by assumingexponential

attenuation and treating the crosssection as energy - independent adjustable parameters to

be determined by best fit to experimental data. This treatment is basedon the assumption

that all heavy materials are followed by sufficient hydrogenousmaterial that the use of

effective removal crosssections is valid. The fast neutron dose rate is thus not energy

dependent since the method of calculating the neutron kernel results in an integration over

the fissionneutron energy spectrum.

In spite of the limitations of point kernel calculationsw the resultsof experiments

of comparing calculations and measurementswithin and outside of very complex shields have

been quite encouraging.

Thesemeasurementsinclude water centerllne doserates from the Oak Ridge

Bulk Shielding Reactor, und centerllne water and oll traversesat the Lid Tank Shielding

Facility. The latter experiments included materials such as steel and lead between the

sourceplate and the detector. Recently, successfulcomparisonswere made with experimental

data obtained at the GE-ANPD Battelle Source Plate Facility. Theseexperiments included

radiation measurementsthroughand behind arrays of slngle and multiple shield mater|als. In

addition, the point kernel programsagreed within the limits of experimental error with

5

X_
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colorlmetric nuclear heating experlments performed at the Shield Test Pool Farlllty at

the GE-+.NPD Idaho Test Station.

In addition, the point kernel method Is versatile and readily adaptable to d'gltal

computer solution. Consequently+the method can be used to perform shield analysesquickly.

A one-d;menslonal multlgroup P1 code is presently being used for calculating

neutron flux data. This code, P1MG3, solves the one-dimensional P1 equations in the

consistent Greullng - Goertzel approximation for fifty-five groups. The code producesas

output,multigroup fluxes for 54 fast groupsand one thermal group. Currents, Isotopic slowing-

down densities, and polntwlse and regionw;sefew-group macroscopic crosssections are also

obtained.

Diffusion theory has been applied primarily to the analysis of reactors. Its use

for shielding applications has been more limited because the diffusion approximation tends

to make the spatial dependence of the calculated fluxes Inaccurate in shield regions. However,

it appears that while diffusion theory leaves something to be desired in the calculation of the

spatial dependence of fluxes in shields, it is suitable for c¢.i:ul_tlng the energy dependence

of these fluxes. Once the fluxes can be normalized, the energy spectrumbecomesavailable.

A recent technlque4 has been developed in which the point kernel program is

used to obtain the spatial distribution of the neutrons, and the diffusion program is used to

obtain the energy distribution. The diffusion resultsare then normalized at each detector

point by the ratio of the fast neutron doserate computed by the point kernel method to that

computed by the diffusion method as follows:

_AllL lib imi.mb, ram. Ai..I--I

•. -- w+l II,/GI1 I I/_Cl 6

--.-,- +^_ l mumv __ __
AA t i ° I - -+ "

' I
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(u)du
D1 = D14-0 r "

"Ju (u)K(u)du

where D1 = normalized neutron total flux

D14_0 = point kernel fast neutron doserate

(u) = program P1MG output flux at each lethargy level, u

K (u) = responseof the detector used tc measurethe D14_0, i.e.,
Hurst dosimeter responsefunction.

The normalizing factor can then be applied to the various lethargy or energy groupsin order

to obtain useable neutron energy flux data.

Presently, the thermal diffusion theory constantsusedas input to ProgramP1MG

are being obtained from a SOFOCATE5 code. This code assumesa hydrogen moderated reactor

with a thermal cutoff energy of 0.625 ev. All shielding calculations to date have been based

on these data. In the future, diffusion theory constantswill be obtained from the TEMPEST6

code which usesa |.86 ev cutoff fnr a graphite moderated reactor. Therefore, the neutron

flux data used in the present shield analysis will change, but to what extent is not yet known.

Methods development is necessaryfor improving shielding calculations. This

developmem will include utilization of, and comparison with, two-dimensional codes, transport

theory, and Monte Carlo calculations.
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3.2 UNSHIELDED RADIATION CONDITIONS

3.2.1 FLUXES AND DOSE RATESAROUND THE CORE

The configuration used In these calculations consisted of the reactor core, the

graphite and berylJlum reflector, the aluminum top support plate, and a cylindrical aluminum

pressurevessel. The dlmenslonsconsidered a_e as follows:

Radius Length Vold Volume Fraction

Reactor Core 17.74 Inches 4.33 feet O.168 and O.178

Graphite 19.94 4.58 ....

Beryllium 24.44 4.33 O.10

PressureVessel 24.94 5.04 ....

Top Support Plate 17.74 0.58 0.65

An approximate rlr=wing of the geometry is shown in Figure 1 (1/8 scale). Rotation

of the rectangles about the Z axis results in cylindrical geometry.

The reacto: core was considered in two sections, having vold volume fractions of

0.168 and 0.178, respectively. A vold fraction is defined as that part of the volume of the

material allowed for coolant passages. The aluminum top supportplate is about 0.9 inches

longer than that in current designs.

Shielding Computer Program 14-0 was used to calculate ga.nrnaray fluxes for thirteen

sourceenergy groupsat twelve azimuthal angle ( a ) positionsat 5, lOt and 20 feet around

the reactor assembly. This angle is measuredfrom the core centerllne with the top end of

8
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the core designated 0°, I.e., a = 180° would be the nozzle end. The source-detector

separation distance is measuredfrom the center of the active core.

Within the cylindrical reactor source regions, approximately 1100 sourcepoints

were d_trlbuted over one-half the core. The source point spacing was varied depending

on the detector point location. A skewed cosine function wa° tsed to describe the axial

power distribution. The radial power wasassumed_'_:.e flat. The reactor total power output

was equal to 1120 megawatts. The gammaray source_nergy fission spectrum for thirteen

energy groupsconsistedof contributions due to prompt fission gamma rays, shorthull llfe

gammarays, deiayed gammarays, and thosedue to neutron capture in U235. The reactor

operating time wasassumedto be twenty minutes.

In computlng the gammaray point kernels, water dose buildup factors were applied

to all materials. This assumptionis valid since water has an effective Z of about 7.5.

This is similar to carbon (Z = 6), aluminum (Z = 13), and beryllium _Z = 4).

Gamma ray fluxes for each energy group, as well as the total, are presented in

Tables 1, 2, and 3 for distancesof 5, 10, and 20 feet from the center of the reactor core.

Appropriate conversion factors were applied to obtain gammaray doserates, rads/secw for

each energy level. These doserates are plesented In Tables 4, 5, e_d 6 at each of the above

distances.

Although a decrease in the gamma flux might be expected at a = 0° over that at

180° due to a shielaing effect of the support plate, such is not the case. This Is because the

power distribution values at that end of the core are higher than at the nozzle end, which

HUE I-1TAL
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counteracts the effect of the supportplate shielding.

Gamma ray total is_-fluxes are presented in Figure 2. _ gammamy total

iso-doserates are plotted in Ficjure3.

Fast neutron closerates at the sameangular positionsaround the unsSielded

r_clor were computedusing the neutron point kerrel function coded in Program14-0.

However, ,n the case of a "bare" core calculation, where very little hydrogenousmaterial

is present, this kernel has to be altered somewhat. In place of the hydrogenouskernel,

a carbun kernel was used. This carbon kernel was fitted to momentsmethod data7 consisting

of differential neutron number flux as a function of distance in carbon due to a unit, point,

;sotropic, fission neutron source. Removalcrosssections were then applied to all non-carbon

type materials. The resulting fast neutron doserate is not energy dependent, and is that due

to neutronsof all energies.

At a = 0°, 90°, and 180°, the resulting neutron doserates were converted to

fluxes, assumingan emergent neutron energy of 1 Mev. Since these fluxes appeared reasonable,

it can be assumedthat the fast neutron doserotes are correct within the limils of a point-

to-point attenuation method.

The fast neutron dose rutes in mds(ethyle,e)/sec for each angle and distance are

presentedin Table 7 and are plotted in Figure 4.

For convenience, the total closerotesare plotted in Figure 5, and presented in

Table 8.

The neutron spectra in the vicinity of the core were obtained using a one-dlmemional

multigroup P1 code, ' P1MG'.

I,--- ..... 10

i i

Di_ _a a "J I I I "ai} aimI J'"" R

A"_-oomicEnerav A,. -ioa_A

1976069347-027



For this analysis, the core wassplit into !1 regionsaxially and ? regions mdlally and

the 55 group neutron spectra were calculated alongthe axis and the radial line of

symmetD, from the umhielcled core. Thesedata were then normalized by integr_ion

with _ Hurst respom- function to the cmmqmnding 14-0 fast neutron dose rates to

obtain the total Fastneutron and themml neutron fluxes as shownin Tables9 and 10 and

Figure 6. Table 11 then gives the fast neutron fl, xes for 26 energy groupsat 5 feet from

the core axially, top and bottom, and radially, on the line of symmetry. Since the reactor

is considered operating in void, these stonespectra distributions can be used at other distances.

Additional calculations were perfmmed to determine the closerote and flux

levels at several positionsone foot from the pressurevessel sudace, and one foot fram

the nozzle end of the reactor core.

Several changes were made in the physic_aldescription. The beryllium reflector

void fraction was increased to 20 per cent, and the tap supportplate thickness was decreased

to six inches. A nine inch thick void region was inserted between the supportplate and

the pressurevessel to simulate more accurately a shielded configuration.

To Facilitate the me of these data, the actual location of the detector points

is presented here in tabular form. 1be center of the cylindrical coordinate ,ystem is located

at the center of the reactor core, (r = 0, 7 = 0).

......... I _t 11
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Aloalc enos', y Ace - 11_

_A_I®,o r, ore. Z, cm.

o° o 1_.7_

25° 45.059 139.71

_4° 93.849 66.o4

90° 93.049 O

126° 93.849 -66.04

_62° 45.o59 -96.52

180° 0 -_._

gammamy fluxes, gammamy dose ml_v fast neulmn closerotes, and totol

dose rotes for the above detector Iocatiom are presented in Tables 12, 13, 14, and 15,

respectively. Fast neutron and tbemml fluxes for a = 0°, 90°, and 180° are presentedIn

Table 16.

Fluxes at positionsvery claw to a cylindrical volume source do not follow the

usual geometrical attenuation function, 1/!) 2, _ D refers to the separation &stance

of source and detector. Only sourceswhich are essentially a "point" source exhibit this

phenomenon. Home, these data cannot be reasonably plotted In the iso-flux and iso-clase

curves presented in this report.
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3.2.2 UNSHIELDED PROPELLANT TANK HEATING

For an analytical approach to the propellant heating problem, it is nece_ar,

to know both the magnitude and distribution of heat deposition in the tank. This knowl_ige

of the heat distribution is desirable in selecting plausible flow models from which temperature

risescan be calculated. In this study, It wasassumedtha_ _ is deposi!ed in the pro_:lant

by three processesdistinguished by the type of interaction Involved. The relative heating

magnitudesdue to these processeswill determine the total heat distribution. The following

is a brief description of these three ixocessespertaining to interactions in liquid hydrogen:

1) Core gamm_ray interactions;

Gamma rays interact with matter through many ,.'nteractionprocessesof which three are of

primary importance: pair production, photoelectric effect, and Compton scattering. The

first two reactions represent pure absorption processesin which _ gamma ray energy is

absorbed. ]he third interaction is characterized by a fractional energy tmmfer taken up

by the atom recoil. Due to its compmitively weak electron binding energy and electric field,

hydrogencan be comiclered a pure Compton scatterer. Figure 7 showsattenuation of core gamma

radiation in the liquid hydrogen propella _tof density 4.4 Ibs/ft 3. A factor of ten reduction

is attained in about 8.1 feet of propellant. Thesedata are basedon Program 14-0 colculat_om

using the KIWI B-I core as a cylindrical source located ten feet from the tank bottom.

2) Fast neutron elastic scattering;

Fast neutronsare slowed down in liquid hydrogen by multiple scatterings, and are subsequently

1976069347-030
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obsorbed. The_e scotte-ingt tewlt in o_ esmntlolly complete trcmder of enef W lalk4n uP by

tt_e k;net_c n_t;or of the hydrogen atoms. The scottorinll is isolrol_¢ in the contor-¢l/-mou

systemw;th of. ore,age of 63 pe.,:enten_gy clegrociot;onper c_l.;_;on. F',gw, 7 showstl_t

o focec_ of _ ,eduction ;s oOoinod in adbout 1.3 fee_ of proIprlkmt.

3) Cap,.re-gamma,eoction;

A_ the r,eu,on is be;ng_low_ldo,re. ;,s Ixotm;tit x _ olm, pelonincmmes. 11qseebeOrl_iem

will rest., in a change i._ the ene.g_ level of _ hydrogen atom. ccmvelting it to deu_rlum.

o,_d;r _ p,oce_ en_i,tngo 2 23 Mev gmnnmfox These"cep,we" Slammmthen it,0efoc0w;0k

the hyckoge_, ,elem;ng heat it, Jhe tame nmnnm as I_ cme gommo my la_meion clmcfibed edbove

From the obove discussion, it is evident d_t ¢ore-gammo racrmtlon and themml

neat, on ,od;o,;o- causing poduc0;o,, of cap_. gammo lays. will effect keat cieposition

out _ p,_?e01onl, whe-em tin, eL.hon hooting will be ¢cmcentmted to_d the hcmt face of

the p,ape.iant rank ond w, II be negligible fulthe, r into the propelkmt.

Tc,nk heal input do_o w_re colculatecl fcx three diffment tank angles, 2S°, 30°. and

37 5° /he to, e, sect;o_ of the lank is m_rned :o be the f_st_um of o cone, the apex of whlck

is located at d_e centre of the reocto, cote; * • maim base is equal to the tonk diameter (30 feet)

and the mino_ base is 8.437 feet above the center of core _ tank a._gle is half the ongle of

the cone ;n Toble 17 a,e i;_ted the total heat input foc each of the three tanks, as well as

that _or each of the three Ix.messes previously described. _ results indicate that about 52%

of the toto! hea, is clue to co, e ganvna radiation, 37% to captureganv,as, and 1I% to fast

neutron scattering

The ganvna and neut-or er_,_gy fluxes were colculoted at ten detector poinl_ on

each tank s_rface. These f!_xes were then adiusted by the inverse R2 effect using _ core-center

urn, ram, ,m,o.po_ e._ • 1' _ 14
"ll_Em4dF II o_w _ • mare. ,o,.. m

_k,_An_w _o ..... A _ . •
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,s H_e,derence point te ,bte;n H,e flumesever • pleneorewo0_h, be0**_ of 0he0ink.

Fiewese, 9. _ tO ;llv_,ooe _e hem in_ venus_ Im;01onon 0hisI_ _ for _e

te,nkenOles. Tlh,e_ ;qw0san Imdkondllw_ line _h_eneu_ ktneelc,cq_llmmo.

e_l c_• _ c_. Tq_I hem0inlmdswere ad_Ined by ineqme;nll _ nmmel

Into,- of d_ _ e,_W flvx ev_ _e p_e emL

11heseham inputd_ m celcu(_tedvSlnllbo0kI_qFem 14-Qend Wqmm PIMG.

P_elFqm14-0 rossusedte celiculqd__ cefe latona my he_in0 tw 13 qmeqly0inulin, and

Iou ne_Wcm¢kme_ M Ioc:k di_l_ Ira/he. AIMlue1100lmWC•polnlsm located ;n

ene-imlf of li_ _ecter ewe volvmm;n IheseIIm_mm. _ neu41Nnflul celcutol_l using

PIinG we• ner,,,ellzedte the Irwr.onon_m d_e _ draw. lhme flu,,_ wwe, d

ceune, conf.,line dim, b_ shevldbe ruumebly volld et any pmil_n el•n0 lhe _ surface.

3.3 SHIELDEDIL&I)U_TIONCONDITIONS

3.3.1 PARAMETRICDATAFC)t O(TIEIIkIINING SHIELDTHICKNESS

Twomtedol cm_isur_om were ;nclude_in Ikis s_dly: I) •

lilk;um hyd,ide andstelnlesssteel mixture,end 2) liquid k _lnqlamandhot•ted ste:nless

navel. Sk,lniess_ wasselec_l becou_ it is bothon once|lent Ilmmmoshieldmaterial and

o goods0_ucW,olmoeerlol. I.i_ium hydrideand liquid h)nirolFmm selectedbecauseof their

low ckmity, yet highhydrctlammorndens;Oy_htch is oned _ .quiremwm for o goodnoutron

sh;dd materiel.

Pro0rom14-0 wasusedto computethegommaroycmdneutro_dan rotesat o detector

point lot•ted on theconterline at the bo0tomof thepropellanttenk with voriousthicknessesof

bothtypesof shieldslot•reel abovethe topof the sulqaortplot•. Theshieldcoveredtheentire core

radius. A six inch-th;ckaluminumtopSUlq)Ortplate ondo one-holf inch thickaluminumI_essure ;

_1 ww• includedin thecelcuk_tic_s.

_J_'l | UL_rr_

ill .....
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St_ieid _ickmmes included in this study are as follows:

|1 30, 40 and 50 centimeters of lithium hydride, each containing O, 20, 40, and

60 per cent stainless steel;

2t G 6, and 12;-chas of liquid hydrogen,each combinedwith O,2, 4, and6 inches

of borated stainless steel.

Re_lts of theseparametricclarame shown;n figures 11 through14 inclusive. The

attic! gamma"oyheat flux asa hmctionof shieldthicknessispresentedfor each typeshield.

Howev_ due to the manyhandcalculationsrequired to obtain neutronheatingrates,only neutron

dotefate is p,mented;n Figures12 and 14. it wasthen assumedthat the heat flux wasproportional

to _e close,ate

•. _ p-eviou_ly established that about 52% of the total heat input to the propellant

tank wa_(k_ to co,e gamma,ad;ationand about 48% dueto neutrons. With this knowledge,the

followingequationcon be establishedto cletenninethe heat input to the tank asa fractionof the

umh;eldedheat irl_*.

P = 0.52 FI' + 0.48 Fn

w,_tre P = F,oction of umhielded propellant heat input

F/ = Rat,oof sh;elcledto unshieldedheat due to gammarays

Fn = Ratioof shieldedto unshieldedheat due to neutrons.

Severalvaluesof the fractie_ P wereselectedfor investigation,namely,.2, .1, -

.07, and .04, whichcorrespondto attenuationsof 80, 90, 93, and96 percent. It wasbelieved

that within this rangeof centerlineattenuation, an optimumwouldexist whichwouldproduce ..

a total ,eductionof 90% in total prope!lantheatingfor a 30-foot diametertank. --
_t
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Several shield thicknessesond compositionswere enqlyzed to ¢kllmmine the resulting

val,es of P. Typical resultsthus obtained are illustrated in Figure 15 wham the fraction P is

p;c_,,d _.sa function of shield thickness (lithium hydride and stainlesssteel). From these curves,

for instance, it will be seen that several different shields can produce a fraction P= .2, or 80%

attenuation along the centerline.

Since, more than one shield thickness, depending on its material composition, would

produce a desired P value, it was necessary to determine which shield was a minimum weight

shield. In determining the minimum weight shield it is necessary to include the effect of additional

int_rstage and plenum weights associated with vifick ._._ields. The minimum weight shield for

P= .2, for instance, is shownin Figure 16 where the total weight (including sr_ieldweight, and

vehicle and plenum weights) is plotted as a function of per cent by volume of steel. These results

are also presented in Table 18.

It was assumedthat a tank-core center separation distance of 8.437 feet and a

plenum thicknessof 5" are minimums. On this basis, the interstage vehicle weight per inch

of shield above 5" was calculated to be 28.57 Ibs/in., and the plenum weight, 8 Ibs/in. For

a shield radius equal to the core radius the combined vehicle and plenum weights would be

3
equivalent to 1.024 ginsper cm of shield for thicknessesgreater than 5 inches.

Similar calculations were performed for the liquid hydrogen - borated stainless

steel shield.

It soonwas evident, however, that the liquid hydrogen - borated steel shield was

gm/cm2heavier on a (thickness x density) basis than the lithium hydride - steel shield. As an

example_ for a 90% centerline attenuation, the minimum total weight liquid hydrogen - steel

shield was 83.9 gm/cm2 compared to 68 gm/cm2 ,tar the lithium hydride - steel shield.

/
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The ikietd ,hlckneis fa_-the lithium hydride - steel systemckltermined in the

above manner were utilized as clcrlbed in the next section of this report to del_m_li_their

effect on total tonicheat input,

3.3.2 SHIELDED PROPELLANt TANK HEALING

Prope01on!heating me), result in two adverse effects. Extreme tempe_turo rises

wil0 induce cavitation end unsteady flow at the pump inlet for a selected tank pressure.

Secondly a thlcke, and therefore, heavier tank w_nllwill be required for on increased

pressure in _he tank to prevent cavitation. The former effect will determine a maximum _'

tolerable b_t not necessa,ily desirable, heat input. The desirable heat input will be that

which gives a minimu_nover-all systemweight determined by the trade-off between tank

weight for pressurization and shield weight for attenuation. These effects are discussedin

more detail in Section 3 4 which describes the vehicle optimization study.

Pending the resultsof experimental data*, an analytical model of propellant

flow is not now sufficiently defined soas to correlate propellant temperc:ture rise with

: tank heat input To avoid design stagnation, this dilemma has been temporarily circum-

i vented by arbitrarily choosinga 90o/oheat input reduction factor as a criterion for shield

design Shield design will henceforth be modified commensurate with the availability of

reliable experimental date.

i The results d|scussedin the previous section of this report showthat the optimum

shield material for reduclion factors in the range 80 - 96% on the centerline consistsof lithium

hydride with 27% by volume of stainlesssteel. The purposeof this section is to present the .-

results of optimizing the radial distribution and shape of the shield independent of other

* Expeliments voT)e corrled out by LASLand the Lewis Laboratory. ""

18 ""
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porom, te,s as discussedin Section 3.4 on the optimization study. Table 19 lists the shield

thicknessesfor various centerline attenuating factors using lithium hydride with 27% stainless

steel as the shie!d material.

To demrmine the effect of shield radius on tGnk heating, Geat inputs were cal-

¢u|ated foq the three tat_kangles usin_ltwo shield radii and shield thicknessescorresponding

to 80, 90, ?3, ond 96% centerline [eduction factors. In the co_e of the 96% shield the tanks

were rmved l0 cm. further from t_;ecore to retain the samespace between the pressurevessel

and the tank bottom. The shield radii examined correspond to the core ,adius (45.059 cm)

and the reflector radlu._(62.099 ¢m). Tables 20, 21, and 22 and Figure 17 contain the results of

this study. Tables 20 and 21 list for each tank angle the total heat input for each shielded case,

and the per cent reduction. Table 22 lists the weight of each shield. Presentedin graphical

form in Figure 17 are the total heat inputs for each shielded case for each tank angle, versus

shield weight. (The data for the 45° tank angle referred to in Figure 17 were extrapolated).

Figures 18, 19, and 20 illustrate the variation of tank heat input with radial position on e plane

area at the bottom of the tank for the three tank angles using the 90% centerline reduction s._ield

and both shield radii. In the shielded case the heat !nput for the larger radius shield consistsof

approximately 84%core-gamma, 13%capture gamma, and 3% neutron kinetic components. The

correspondingpercentages for the unshieided case are 52, 37, and 11%. Thus,the sharpheat input

gradient due to neutrons will be rendered relatively leu severe by shielding.

As can be seen in Figure 17 the larger radius shield gives the minimum weight of two

radii examined for a 90% over-all heat input reduction and all tank angles. The following table

gives the shield weights for a cylindricnl shield of uniform thickness to the outer reflector radius

for the 90% over-all heat input reduction at various _ankangles. !

"l=qlKqCqflRL
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,,Tank Ar_le (G°) Shield Weight (Ib)

25° 141o
30° 1480
37.5° 2000
45° 2850

Radiation leal_ing from the reactor side it over-attenuated by the uniform thick

shield, it seemedexpeditious to shape the outer hinges of the shield. Using the thickness

of the 96% centerline reduction shield as a base, the following configurations were examined

for the 37.5 ° ta_k angle. (This angle was selected since the optimization study indicated that

this is the optimumangle).

Case 1 -- A diagonal cut wasmade from a thicknessof 3!.86 cm, at the core

outer radius to zero thicknessat the reflector outer radius.

Case 2 -- A diagonal cut as |n Case 1 but to a thickness of 15.93 cm. at the

reflector outer radius.

The following table presentsthe results of these two casesand also the unshapedcase, based

on a 31.4 cm. uniformly thick shield to the reflector outer radius. The last column lists the

per cent reduction per pound of shield for each case.

Shield Weight Over-all % % Reduc'lon/
Ibs. Reduction Weight

Unshaped 2000 90.00 .045

Case 1 1660 89.60 .054

Case 2 1924 91_30 °047

It is evident that Case 1 in which the diagonal slice projects to zero thicknessat the reflector

outer radius has the weight advantage for the 37.5 ° tank angle. All the previous shie!ding analyses"

- -'l'i III i I "J "III I il.,, _
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_rcluded o void r_gton above the beryllium re_lector _nd adjacent to the aluminum support

plate. The effect of filling this void with shield material was Investigated to find if there

would be a possible weight advaniag _ in doing so. Case I, as described above, was used

for this purpose. The resultsore as follows: shield weight, 2066 lb.; per cent reduction,

92.73%; per cent reduction / lb., 0.0449 %/lb. Thus, filling the void region doesnot

representa weight advantage. Thissame ef'ect was found for smaller tank angles.

Therefore, it is recommendedthat Case 1 be usedas the shield deslg*,:for the

25°, 30°, and 37.5° tank angles.

Sucha shield weighs 1660 Ibs. for the 37.5° tank angle as compared to 2000 lb.

for the unshapedcase. Shield weights for the 25° and 30° tank angles for Case 1 are 1176,

and 1360 pounds,respectively. Theseweights do not include any shield structure.

3.3.3 SHIELDED FLUXES AND DOSE RATES(MAXIMUM SHIELD)

This analysis included a KIWI i_-1 shiela designsimilar to that described in ii

Section 4.2 of this report. The lithium hydride encased in stainlesssteel cylinders was

considered as a homogeneousmixture. An extremely precise geometrical description was

used in Program14-0 for calculating gamma ray flux data and fast neutron doserates. This

geometry included a description of the aluminum supportplate, the stainlesssteel structure,

and the pressurevessel, as well as the homogenized shield material. The shield used here was

31.4 cm. in thicknessat the centerline commensuratefor a 90% total heat reduction in a 37.5 °

angle tank (Section 2.3.3). Thisshield is anticipated to be the maximumsize unit for con-

sideratlon in the NERVA engine.

21
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Calculatlonal methodsusedare the same as thosedescribed in the previous

section of this report describing the unshleldedradiation environment. A new one-dimenslonal

multlgro_-_oP1 problem wasutilized for obtaining neutr_,. :;.*_tra. A hydrogenousneutron

kernel was used in Program 14-0 for computing fast neutron dose rates. The azimuthal angles

considered to be affected by the shield are 0°, 15°, 30°, and 45°. The other angles were

assumedthe sameas thosecomputedin the non-shielded case.

Gamma ray fluxes for each energy group, as well as the total, are presented in

Tables 23, 24, and 25 for distances of 5, 10, and 20 ft. from the core center. Gamma ray

doserates for each angle and distance are presented In Tables26e 27, and 28. Fast neutron

doserates and fluxes are listed in Tables29, and 30, respectively, and, for convenience, the

total dose rates are listed in Table 31.

Table 32 gives the fast neutron fluxes for 26 energy groupsat 5 feet from the core

axially at the top on the line of symmetry(a = 0°).

Figures21, 22, 23, and 24 illustrate, respectively, the shielded gamma ray iso-

fluxes, gammaray iso-dose rates, fast neutron doserates, and total doserates around the

shielded reactor core assembly. As was stated previously, It wasassumedthat only four angles

were affected by the shield, from a= 0° to a= 45°. The data plotted for all other angles is

the same as the unshielded environment data.

The shielded and unshielded data have certain dissimilarities which shouldbe noted

as follows: 1) the aluminum pressurevessel thicknesswas Increased to more than one Inch;

2) the top supportplate design is no longer a right circular cylinder; 3) an Improvement was .

made in the gamma ray source fissionspectra data; and, 4) an hydrogenouskernel was used

C iriLa©i Y;A 22
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for computing fast neutron dose rates outside the shield, rather _hana carbon kernel as

used in the unshielded case. The dissimilarities between the two casesaffected the radiation

levels by lessthan 1%.

0°The fast neutron and thermal fluxes at a = are presented in Figure 25 as a

function of distance from the center of the recctor core.

3.3.4 SHIELDING EFFECTOF ENGINE COMPONENTS

A preliminary study wasmade to determine if the engine componentsaffect the

gammaand neutron flux inaident on Ihe bottom of the propellant tank.

Three engine componentsthat lie along the core centerline were included. These
i

are: the turbopump,the gimbal, and the tank shut-off value. The tank wasconsidered to have

a flat bottom located about _.7 feet from the.center of the core. The tu_bopumpwas located

about one Footfrom the top of the pressurevessel,and was describedas a right circular

cylinder hGvinga length of 1.6 f,,et and about a one foot diameter. The material of the

pumpw_Jsassumedto be 85% aluminum and 15% stainlesssteel by volume, with a total weight

of about 30C pounds.

The gimbal was described as an annulus 0.45 feet in length, with on inner diameter

of 0.419 feet and an outer diameter of 0.538 feet, the center of which was located 3.4 feet

above the pressurevessel. The gimbal, consistingof t:tanlum, weighed about 20 pounds.

The tank shut-off valve was describedas on annulus0.671 feet in length, with

an inner diameter of 0.53g feet, and an outer diameter of 0.7 feet, located at the tank

bottom. The valve, consisting of aluminum, weighed about 16 pounds.

g,.-
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Program14-G .:s usedto compute the dose ratesat several radii along the

bottom of the tank Forboth conditions, i.e., with and without the engine components.

Resultsof this study a,-e shownin Figure 2% A shapedshield, 31.4 cm. thick on the center-

llne, was included in both cases.

Thesedata indicate that over a small distance along the tank bottom these

particular engine componentsdecrease the closerates significantly. At a radius of I0 cm.

the gamma dose rate is decreased by a factor of 6.3, and the neutron closerate, by a factor

of 1C.

Theseengine components effect a localized decrease in tank heating, but do not

effect muchof a decrease in the over-all propellant heating problem. Resultsare significant

enough, howeve,, to indicate thot the shielding effect of other engine components located

off the axis of symmet,y mustbe analyzed. The results presented here ore preliminary and

are subject to change pending more accurate and up-ta-date engine design config_ations.

3.4 VEHICLE SHIELDING OPTIMIZATION S-.UDY

Ash, d>-was made to determine the minimum weight of the systemrequired to

reduce the p,opel_an! heating to an acceptable level. The systemdefined here consistsof

the liquid hyd_rx3eni_opemlont _nk, shield above the core, and the interstage weight required

to separate the reactor core from the propeliant tank. The temperature of the liquid hydrogen

must be kept beio_vsatu,afion if the propellant is to retain reliable pumping qualities. This

may be accomplished by increasing the pressureon the propellant or by limiting the tank heat

input by meansof a shield or separation distance. The study was basedon the following parameters:-

RrCl'D |rl'.r-n-r A TA 24
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Tank Shape - 30' Dia. Cylinder with conical bottQm

Tank (cone) Angle - 37 1/2 ° tmncoted 8.45' above apex
(EmeconrHgun_ion)

Propellant Weight - 97,680 Ibs.

_nkVol,.., - _,2oof_

Minimum Separation - 8.45 ft, center of core to botlmmof tank

Effective Interstage

Weight Factar for Nuclear - I/2.7
Stage

Reactor Opercting Tim - 20 .in. (1200 z.)

Propellant Flow Rate - 74 IbJsec.

ShutdownCoolant - 8800 Ibs. U-'2 (= 10% of opemtlng rams)

Heating Rate, Umhielded - 1.24 MW ot 37 1/2 ° ond 8.45' (Ixne

configuration)

Shield Material - 63% Li It, 27% SSand 10% _oid (volume)

Tank Pressure - 30 psia (base conf'qlutation)

Allowable Temperature - 42° (Salutation at 30 psio)

(Baseconfiguration)

Interstoge Sleeve Weight - 28.5 Ibs/in.

m m _ ..ilJmml.-
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The variable parametersconsidered were shield thickness and,

Separation Distance - 8.45 ft - 25 ft.

Tank Angle - 25° - 37 1/2°

Tank Pressure - 20 - 40 psia

The propellant beating rate is affected by the following: I) the distance betweml

tho tank and the reactor core (separation distance); 2) the shapeof the lank, and 3) the

radiation attenuatim between the tank and reactor core. The study correlates these three

factors as well as the effect on tank weight of several design pressures,and the corresfsooding

allowable heating rates. _allQ_ble heating rate is defined here as that which will not

cause the liquid hydrogen to -each saturation tenqsemtureat the design pressure before engine

cutoff after 20 minutes of aperation, and with 10% propellant remaining in the lank.

The propellant tank may be separated from the core to reduce the solid angle

subtended at the core and thereby reduce the heating rate in the oropellant. The sepamtlon

distances comiclered were measuredfrom the center of the core to the bottomof the tank and

ranged from a minimumdictated by engine equipment of 8.45 to 25 ft., which is the maximum

believed practical. With the maximumseparation distance of 25 f%, the heating rate is 1/5

of the value at 8.45 ft. _ese data are shown in Figure 27.

The bottom of the tank may be conically shaped to reduce the solid angle subtended

from the core since the heating rate in the propellant is proportional to the volume "seen"

by the core. Tank angles between 25° and 37 I/2 ° were comiderecL Decreasing .'hetank

angle from 37 1/2 ° to 25° reduces the heating rate by 1/2. Theseresultsare shown in Figure 28.

However, this change from 37 1/2° to 25° increases the hook-up distance between the nuclear

in ...... " "'P" " i . 26
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and chemical stages(interstage sleeve length) by approximately 13 feet. The Increase In

tank surface area and weight for decreasing tank angles wasnegligible.

The interstage sleeve and engine connection weight has been estimated to be

_98.5IEs./in., basedon someprevious work on tee RIFT stu_es. Since this sleeve is not

carried by tee nuclear stage for its full missionas a shield would be, its weight effect on

tee payload will be less than a shield of equal weight. This "weight trade-off" factor for

a 3-stoge rocket with o missionwithin NERVA's capabilities has been determined to be 1/2.7.

Thus, one pound of hardware weight or payload in the nuclear stage is equivalent to 2.7 pounds

of hardware weight ;n the previous chemical stage. The weight trade-off factor between the

first chemical stage and the third nuclear stage for this same vehicle was determined to be

1/11. The effective interstage weight used in this study was, therefore, 28.5/2.7 or 10.55 Ibs/in.

of length. The effecti-,,e change in interstage and tank weight as a function of tank angle for

several separation distances is shown in Figure 29.

A combined neutron and gammashield placed above the core will also reduce the

propellant heating. Lithium hydride plus 27% by volume of stainlesssteel has been chosenas

the mosteffective shield basedon attenuation per pound (see Section 3.3.1). Three shield

arrangements have been comiclered; they are a shield which -

1. Covers only the core (radius - 45 cm.)

2. Covers the core and reflector (radius - 62 cm.)

3. Completely shadowsthe tank based on a point source located at the bottom

centerline of the core.

27
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_ield thickn_ will _oi_ with llof_: angle, sl_omtion distance _ allowobJe heatin 9

rate. The shield thickness and weight were reduced as the sel?omtion distance was increased

so that the propellant heating rate was aplxoximately comtanl for each arrangement. The

direct _elation assumed between shield effect and distance effect is correct for the complete

shadowing case 10utresults in an overestimate of the weight foe the limited radius shields

since the smaller shields do not affect the total solid angle subtended by the tank, whereas,

the separation does. The fi,st two shields are easier to imtoli than the third since they conven-

iently fit inside the ,eacto_ press_e vessel. The vessel must be enlarged to co,, in a shield

which would completely shadow the lank at small separation distances and large tank angles.

A furthe- weight reduction of the shield will be achieved when the shield is

shaped foe the most effective ar,ongement. /his optimization study assumed the shields to be

a simple disk of uniform thickness located above the core.

I! was assumed that oil the radiation energy impinging on the tank is absorbed by

the propellant and is instantaneously mixed uniformly throughout the volume. The first

assumption is conservative since the amount of gamma radiation absorbed will decrease as

the liquid hydrogen level is lowered.

Th,ee heat distribution models were considered: instantaneous mixing, no-mixing,

and stratification. The instantaneous mi_ing model was used in this study because the acceptable

heating rate for this model is lower than foe the no-mixing model. Furthermore, baffles may be

installed in the tank to prevent stratification if experiments show this condition to prevail.

The temperature of the 10 per cent propellant remaining in the ink after 20 minutes

.

28

.Adfnm=-mnr y

___iF __un_1L dr,

1976069347-045



Dn'd',''a'n'_a_'a'ir"il'_ _ A 'a'

Atom:" ---a_, A.I .

of operation was determined for _-_ral heating rates assumingcomplete mixing. These

temperaturesand correspondingvapor pressuresare shownas q function of heotlng rote in

Figure 3(}. The temperatureswere basedon the specific heat _lues shown;n Figure 31

(from WADD-TR-60S6) i I and a propellant flow rate of 74 Ib_sec. _ tank weight was

then determined as a functlon of heating rate (Figure 32) by combining the data of Figure 30

with a previous RIFT estimate of lank structural weight as a function of pressure(figure 33).

The tank well consistsof two aluminum sheets separated by I inch of fiber glass insulation.

An allowable heating rote for the 30 psio reference design tank was found to be

0.38 MW (Figure 30) for the complete mixing model. A prellmina_y investigation showed

that a propellant flow rate of 74 Ibs/sec. is adequate to remove this heat in the "no-mlxing"

model with lessthan the 5° temperature rise in the complete mixing case. Thusdesigning for

the mixing case would give satisfactory cq_,_ation if the flow obeysthe "no-mixing" model.

Stratification of the heated propellant at the top of the tank could be prevented

by installing suitable baffles in the tank. The effects of uninhibited stratification will be

studied later in the program.

The reference systemon which this study was basedconsisted of a 740C Ib propellont

lank designed for an internal pressure of 30 psia and located 8.45 ft. above the center of the

unshielded core. The bottom of the tank was conically shaped to reduce the heating rate.

The unattenuated heat input to a 37 I/2 ° tank was 1.24 MW, however, this arrangement does

not limit the propellant heating to an acceptable level and was only intended to serve as a

reference arrangement. Using this arrangement as o base, the shield, interstage and tank

weights were combined for several variations of tank angle, separation distance and propellant

d_dl_ ms,,_m__lm_ m---, ._. •
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hoofing rotes to detefmJne the minimum Incremental system weight increase requireci to

prevent excessive propellant heating. The total systemweight Increase as a function of

separation clistancefor several tank angles is shownin Figures 34 - 38.

Figure 34 showsthe Incremental weight needed to provide zero net positive

suction head at the end of a 20 minute run fo- a shield which covers the core radius. Figure 35

shewssimilar data for a shield which covers the reflector radius. Bothof these curves are for

a tank heat input of 0.38 MW which requires a maximum tank pressureof 30 psia for the

complete mixed case. Figure 36 illustrates total additional weights For the 30 psla tank

pressure where the tank is :ompletely shadowedby shields. The Incremental weight increase

For 0.12 MW heat input (representing a 20 psla tank pressure)and the reflector radius shield

is shown in Figure 37. Figure 38 showsthe weight increase requhed for a tank design pressure

of 40 psla with shields having radii of 45 and 62 cm.

Increased tank pressureslead to higher total weights as shown in comparing Figures

35, 37, and 38. The incremental systemweights shownon these curves were basedon a 62 cm.

radius shield, and a 20, 30 and 40 psla tank pressurerespectively. The weight of the lank

increases 2250 Ibs from 20 to 40 psia while the weight of the shield and interstage decreases

from 1800 to300 Ibs for the higher heating rates (0.12 MWat 20 psla to 0.58 MWat 40 psia).

The savings in shield weight at higher tank pressure is imufficient to compensate for the

Increased tank weight. The tank design pressuretherefore shouldbe the minimum commensurate

with structural requirements.

These curvesalso show that separation i_preferred over decreasing tank angle

as a method of reducing the heating rate. The change in tank angle from 37 1/2° to 25°

30

° ' ---- i
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requires a 13 ft. increase in the interstoge sleeve and reduces the heotlng rote to I/2 of its

original value. However, if the tank is moved 13 ft. farther from the core (at 37 I/2°)0 the

heating rote is reduced more since much of the radiation absorbed in the periphery of the

25° cone will passunattenuated through the elevated 37 1/2 ° tank. Thus, for the mixed

heat distribution case separating the reactor from the tall< is muchmore effective than reducing

the tank angle.

In order to determine the optimum tank angle° the minimumsystemweights from

Figures 17, 35, 36, 37, and 38 and calculated values for 45°, were combined as a function of

tank angle (Figure 39). This figure showsthat the minimumsystemweight occurs at a tank

angle between 35° and 40° for all cases. It is therefore recommendedthat for preliminary

designsa tank angle of 37 1/2 ° be used.

Of all the ccsesstudied, the minimumincremental weight for an acceptable system

occurs at 20 psia tank pressureand is found on Figure 37. This minimumsystemweight occurs

at a tank angle of 37 1/2 ° with a 1175 lb. shield (16.9 cm. thick x 62 cm. radius) and a tank-

core separation distance of 13.5 ft. In addition to producing the minimumsystemweight, this

arrangement hasmore shielding than the 30 or 40 psia systemsand could therefore afford

more protection to the componentsand instrumentsabove the engine.

If other reasonsthan investigated here dictate that the reactor to tank separation

distance shouldbe maintained at the minimumas dictated by components, of 8.45 ft, then

the minimumover-all systemweight would occur with a 30 psia tank pressure°a 37 1/2 ° tank

angle and a 650 lb. shield which is 9.5 cm. thick and 62 cm. in radius. The penalty in main-

taining the minimumseparation distance is only 200 poundsin systemweight.
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4.0 SHIELD ELEMENT THERMAL DESIGN

4.1 PRELIMINARY NUCLEAR ANALYSIS OF SHIELD HEAT DEPOSITION

& prellmln,sry _nalysis was performed to determine o grossestimate of the

radiation heat deposition in the shield. The shield consisted of a right circular cylinder

placed above the core supportplate, 22.5 cm. thick, with a radius of 62 cm. The shield

was assumedto be a homogeneousmixture of 63% lithium hyck;de, 27% stainlesssteel, and

10% void by volume.

Three important mechanismsof radiation heat deposition were investigated.

The following is a description of these mechanismsand a presentation of the results.

1) Fast-Neutron Kinetic Heating

Fast neutronsare rapidly degraded in energy due to elastic scattering. Most

of the energy deposited ;n this manner is tr,_nsferredto the hydrogen atoms. At the incident

fnce of the shield the heat depos;tlonrate per unit volume of shield from neutron scattering

is 1.25 watts/cm3.

2) Core Gamma Heating

Gamma absorption due to the photoelectric and palr-product;on effects results

;n n complete tr,_nsferof energy. An additional transfer results from Compton scattering

typified by a fractional energy lossper collision. Gamma heating ;s the chief modeof energy

ffansfer in heavy elements where the photoelectric effect and pair prcduction predominate.

Thus, for the presentshield, the stainlesssteel absorbsa large part of the gammaheat deposited.

At the incident face of the shield the heat deposition rate due to gammaabsorption is 10.9 watts/cn_

vrr, 32
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3) (n,a)Heating

Fortheshieldmaterl,lunderconsideration,._nadditionalmode ofheat

e_,nsferexistsdue to theLi6(n,a ) H3 reactionoflithiumwlth,ireactionenergy,or Q

value,of4.784 Me,. Thiseffectisby farthedominantmode ofenergytransferinthe

frontpartoftheshield,butisofdecreasingrelativesignificancedeeperintheshield

interiordue totherapidabsorptionof neutrons.At theincidentfacetheheatdeposition

ratedue tothe(n,a)reactionis44.5watl_/cm3.

Figure40 showsthevariationincore-gamma,fasl_eutron,(n,a)and total

heatd_positionratesthroughouttheshleld.The totaldepositionrotewas fittedby a sum

of exponentialsand isrepresentedanalyticallyby theequation:

-0.127d -0.342d -I.05Bd
W = (20.2) e + (23.2)e + (13.29) e

where W = watts/cm3 and d is the distance from the incident face of the shield along

the axis of symmetry.

Program14-0 was usedto compute the gamma ray heat deposition and fast

neutron doserates along the centerllne axis of the shield. Neutron and (n, a) heating

are basedon a one-dlmenslonal P-Ianalysis normalized to the fast neutron doserate data

at various distances in the shield.

It was assumedthat these same heating rates persistalong the entire shield

radius extending to the pressurevessel inside wall. With this assumption,which tendsto

overestimate the heating, a shield 22.5 cm. thick would have about 2.8 MW of power deposited.

i[. - irlucl  illiL 33
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4.2 DESIGN CONFIGURATION INVESTIGATED

Five shield element geometries, schematically shown as configurations I through 5

on Figures 41 and 42, were analyzed to determine if they satisfy heat transfer and materials

requirements Forthe heated bleed engine.

The heated bleed engine was selected for the origlnol computationssince it is the

mostcritical from heat transfer considerations. In the heated bleed cycle, the nuclear rndlation

heating in the shield is removed by the turbine flow. For the NERVA engine this is about

4 Ib/sec. With this relatively small amountof flows the gas velocities through the shield

are low, thus resulting in a lower gas side heat transfer coefficient and a higher bulk temperature

than would be the case for the hot bleed cycle where all of the hydrogen for the reactor

(70 Ib/sec) passesthrough the shield.

Bothflat plate and circular element geometries were considered for the shield.

For each geometry the thermal analysis determines the maximumtemperature which occurs in

the lithium hydride at the plane of the shield facing the reactor. On this plane the heat

generation is a maximumand is 0.9525 BTU/sec-in 3. Th;s heating rate is basedon the radiation

heat deposition presented in Section 4.1, where the total heat deposited in the shield was

calculated as 2.8 MW.

For this analysis a one-dimensional heat transfer cclculation was performed

assumingthe shield element consistedentirely of lithium hydride. Thegas side heat transfer

coefficient was taken to be eq,Jal to:

kf 0.8
hf = 0.036 _ (Re)f (Pr)_"4
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where h = convective heat transfer coefficient.

k = thermal conductivity of hydrogen.

D = hydraulic diameter.

Re --- Reynoldsnumber.

Pr - Prandtl number.

subscript f = properties evaluated at average (film) temperature between wall and i

bulk temperature.

Botha single passand a double passflow design as defined by Figure 43 were investigated for

one of the cylindrical element geometries. It resulted that the single passdesign was better from

a heat transfer view paint. Therefore, all consecutive analyseswere done o,1 the single passdesign.

More detailed analyses were made on the shield geometry finally selected for

the preliminary heated and hot bleed enginesand are reported in Section 4.3•

4.2.1 FLAT PLATEGEOMETRY •

The flat plate shield geometry is described in Figure 41, configuration 1. Each

element consists of a Li H slab sandwiched between two stainless steel plates. The edges

of the two plates may be welded together or to a common strip of steel. Either way, the LI H

would be completely sealed within stainless steel. The shield elements ore arranged parallel

to the shield axis and spaced apart such that the void fraction is 10 per cent.

An analysis of this geometry was made and the results are contained in Figure 44

which shows the maximum temperature reached in the lithium hydride as a function of composite

element thickness. This maximum temperatureoccurs in the plane of the shield immediately L

AI. , 35
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above the reactor at the center of the LI H slab. The figure also showsthe spacing

between the elements, and the stainlesssteel cladding thicknessas a function of element

thicknesswhich satisfies the nuclear radiation shield volumetric composition.

The maximumthickness of the shield element is determined by the maximum

allowable Li H temperature. Since the melting temperature of Li H is 1724°R, and if IOOR0

margin is built into the design, it Is found that a 0.9 inch thick element, with a corresponding

maximum temperature of 1630°R, will be the maximumallowable thickness of the shield element.

The minimumallowable thickness of the shield element is determined by the minimumallowable

manufacturing spacing. A shield with a minimumspacing of 50 miI s could be constructed by

using wife as a spacer. _;s spacing would dictate a minimum element thicknessof 0.45 inch.

Therefore, as far as the heat transfer aspect of the shield design is concerned, the flat plate

i element thicknesscan be in the range between 0.45 inch and 0.90 inch.

The Li H slab can be made by either casting molten Li H in a high pressurehydrogen

atmosphereor by compressingLi H powder. Casting of LI H presentsa problem due to ffs high

shrinka_aeupon sol;dffication, but this difficulty can be overcome by usingspecial casting

techniques.

Compaction of Li H does not appear to present any maior problems. Compaction

can be done at room temperature but it is more feasible at elevated temperatures. At room

temperature it is passible to compact L! H to density of 95% of the theoretical density by

using a pressureof 85,000 psi, whereas by compressingLI H at a temperature of 1600°P.,densities

of 98% or better of theoretical density can be obtained at pressuresof only 1,000 to 1,500 psi.

jim/_ LJLJU.lhJe,.L I "1"I JLJI.
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It is important to attain high LI H densities due to the Fact that the thermal

conductivity of LI H is very sensitive to changes in density in the 95% to 100% of

theoretical density range. The thermal conductivity of Li H ls also strongly dependent

on its temperature. The value of thermal conductivity used in the shield calculations Is

3.5 FTU/Hr - Ft-R°, evaluated at 99% of tFeoretlcal d:;nslty and 800°R.

4.2.2 CYLINDRICAL GEOMETRIES

CONFIGURATION 2, FIGURE 41

In this design each shield element consists of Li H rods or pellets encased in

stainless steel cylinders whose ends are capped and welded to seal the LI H. These capsules

are arranged in a triangular array and are fixed by the bottom locating plate and the top

support plate. If the shield is designed so that the capsules are teuchlng, the per cent void

is 9.2% for any capsule diameter; if the capsules are spaced so that they do not touch, the per-

cent void will vary as a function of the spacingand diameter.

An analysis was performed at a power level of 2.8 MW with a maximum volumetric

heating of 0.9525 BTU/sec - in3. Results of this analysis are shov,n In Figures 45 and 46 for

a single passand double passshield respectively. The variation of maximum temperature with

the outside diameter of the capsule is Illustrated. The parameter, per cent void, appearing on

these curves dependson the spacing of the capsules.

With a cylindrical geometry such as this, it Is best to design for as large a tube

diameter as possible; this would minimize the number of tubes (number of tubes is Inversely

proporti,_nal to their diameter squared) and thereby decrease the cost of the shield and facil itate
t
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.is manufacturing and assembling. The maximumcapsule diameter mustnot only be within the

allo_,able ll,nlts d_ctated by the maximumallowable Li H temperature, but is mustalso be

small enough so that it doesnot invalidate the assumptionmade for nuclear calculations that

the shield is a homogeneousmixture.

CONFIGURATION 3, FIGURE 41

This shield concept could be made by using a block of steel and drilling holes

into it in a triangular array. In these holes are placed encapsulated Li H cylinders which are

smaller than the hole _uch that a cooling annulus remainsaround the Li H. In operation, coolant

possesthroughthe annulus!o cool both the Li H and the steel structure. Theannulus i_ designed

such that the void is always 10%. Figure 47 showsthe variation of maximumtemperature at

: the center of the lithium hydride as a function of its diameter.

A drawback of this design is that in order to maintain the desired composition, the

hoWeswould have to be drilled rather close together leaving a very small amount of material

between each hole to hold the structure together. This is in the range of 20 to 50 r. !s. Since

the structure would experience thermal gradients, thermal transients, and imposedvibrations,

the stainlesssteel between the holes may very well fail.

CONFIGURATION 4, FIGURE 42

Thisshield is made by using a block of stainlesssteel and drilling holes into it in

a triangulcr array. Theseholes are then either filled with Li H pellets or filled with Li H powder

which is ther_compacted in the block. The Li H is then sealed within these holes on both sides

by welding a disk plate on the faces. In the center of the steel triangle formed by the Li H

38
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filled '_oles,small holes are drilled which co_stltute o void per cent of 10%. Thesesmall

holes are the coolant flow channel.

To analyze this configuratlonw it was assumedthat steel has the sameheat ge ,eratlon

and the same thermal conductivity as Li H. This resulted in a structure consisting of ki H with

coolant channels arranged in a hexagonal array. Then a symmetrical element was taken which

consl,ts of a 30° - 60° triangle with a circular segment removedat the 60° angle. The heat

generated in this element would be conducted to the surface of the circular segment and

removed by the coolant. The problem was to determine the variation of the maximum temperature,

which exists at the vertex of the 30° angle, as a function of diameter of the coolant channel.

Poisson*s Equation was solved in cylindrical coordinates to get a general solution of the

temperature field. Boundaryconditions were applied for this problem to obtain the ;emperature

at the 30° angle vertex. The results of this analysis are shown in Figure 48 where the maximum

Li H temperature is plotted as a function of coolant channel diameter.

Since the prescribed composition (10% void, 27% steel, 63% Li 14)mustbe

maintained, there exist relationships between the coolant channel diameter and (I) the lithium

hydride hole diameter, (2) the distance between the centersof the Li H chamber and coolant

channel. The geometry wasfurther investigated at a condition where the maximum Li H

temperature is 1500°R. This correspondsto a coolant channel diameter of 0.120 inches, a

Li H hole diameter of 0.428 inches, and a distance between the centers of these two of 0.296

inches. Therefore, the thickness of the stainless steel which separates these two hales on their

centerline will be 22 mils. The minimum spacing pe_rmissiblebetween two holes when drilling

-, 39
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into 12 inches of stainless steel is al_:)ut 20 mils. Thusit would appear that a coolant

channel diameter of about 0.12 inches is the only one practical. Smaller channel diameters

would present manufacturing difficulties and larger channel diameters would result in excessive

lithium hydride temperatures.

CONFIGURATION 5, FIGURE 42

This design consistsof tubes embeddedin a lithium hydride block in a triangular

array. The lithium hydride would be completely sealed within a stainlesssteel housing.

inside of the tubes form the coolant channels. The maximum temperature occurs at the center

of the triangles formed by the tubes; its variation with inside tube diameter is shownin

Figure 49. The geometry was analyzed by simulating it by an equivalent concentric cylinder of

lithium hydride around the stainlesssteel tube. One drawback of this design is that pressure

buildup in the Li H chamber would be harder to contain than in small cylindrical elements.

4.3 DETAILED ANALYSES OF SELECTEDSHIELD DESIGN

From overall heat transfer, manufacturing, materials, and strength considerations,

shield configuraticn 2, of Figure 41, wasselected as the mostdesirable for the flight engine.

11_epredominant reason for selecting this particular array was manufacturing and processing

considerations, since this method of manufacturing has been used in fuel element design in the

past. The final shield geometry was modified as shown in Figure 42, configuration 6.

4.3.1 NUCLEAR ANALYSIS OF RADIATION HEAT DEPOSITION

A more detailed analysis was perform{.d to estimate the radiation heat generation

in the shield design of configuration 6. "

4O
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A precise description of the geometry Included the latest design of the aluminum

top supportplate, the stainlesssteel shield plenum and structure, and a one inch .'hick aluminum

pressurevessel. The shield material was considered a homogeneousmixture of 63% lithium

Ilyckldew27% stainlesssteel, and 10% void by volume. The shield thickness at the centerline

was31.4 cm. Thisshield is commensuratewith a 90% overall reduction in propellant heating

for a 37.5 ° tank angle.

The same three mechanismsof radiation heat deposition discussedin Section 4.1

were investigated in the shield, namely, fast neutron kinetic, core gamma, and n,a heating.

In addition, the heating due to thermal neutron capture (n,¥ heating) in the steel at the front

face of the shield was estimated.

Program14-0 was used to compute the core gammaray heating, and fast neutron

• doserates, along three axial traverses located at radii of 0, 22.5295, and 45.059 cm. A

one-dimensional It1 analysis was made at the centerline (radius = 0 cm.). The neutron and

n,a heating were obtained at each traverse by normalizing the P1 data to the fast neutron

doserate computed at each detector location. The n, ¥ heating in the steel was determined

by hand calculations, and is also basedon the IZl approximation of the thermal flux. Figures 50

thru 52 show the variation in core-gamma, fast neutron, n,a, and total heat deposition rates

throughout the shield at each radial traverse. Also, shown in these graphs is the heat deposition

rates in the steel and aluminum.

From these data the total heat deposition was calculated to be 2.1 MW, of which

about 0.35 MW is deposited in the steel nearest the reactor core. The radiation heating rate

alllih dmilb alh miim _-- -
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data presented here Qre subiect to change pending a better method of calculating the thermal

and fast neutron flux levels.

The localized increase ;n heating on the front face of the shield due to gamma

rays and neutronsstreaming through the holes in the supportplate was estimated. It was

unscattered flux streaming through a hole is proportional to (___)2 where
assumedthat the

r is th_ radius and I. is the length of the hole. If the core is assumedto be a self-absorbing

homogeneoussource, the uncollided flux,_, at the upper edge of the supportplate due to an

emergent flux, _o" from the core is j_ -- J_o (___.__)2. This equation is applicable to

both neutron and gammafluxes. The effect of slngle-scattering was estimated and found

to be negligible in comparison with the direct beaming effect.

The results ,)f these calculations indicate that there will be a 7% local increase

in heating on the front face of the shield at a point directly over a hole in the supportplate.

4.3.:) DETAILED THERMAL ANALYSIS

The thermal ar_lys;s of the mociif;ed_,hieldschematically shownas configuration 6

on Figure 42 includes several factors not consi6e-ed in the previous analysis of configuration 2.

These factors include the following:

1) The non-symmetrlcal tempe-oture field that occurs because the tubes may be in

contact which will decrease the effective surface (.Tea fm heat convection. To compensate for

this, it v.as assumedthat the e;fective convective ur(._ was 2/3 of the tube surface.

2) The total heat flux. The total heat flux cons[der'__din this analysis was doubled

due to uncertainties involved in the nuclear analysis technlqur__described i_, Section 4.3.1.
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3) Non-uniform flow. As the fluid flows radially in the plenum chamber below

the shield, it will cause a variation in the fluid static pressure. This will effect a non-unlform

axial flow distribution through the shield. Thus, the flow rate in somechannels will be much

lessthan that usedto calculate the convective film coefficient. In effect, this will increase

the temperature drop through the film thereby increasing the maximum temperature at the

center of the lithium hydride. To correct the maldistribution of fluid, it was decided to

incorporate an oriflcing arrangement either downstreamor upstreamof the shield in order to cause

a relatively high flow controlling press.Jredrop comparedto that through the coolant channels.

.. In this analysis, then, it was assumedthat the local massflow through the channels could be

as low as 90% of the nominal.

4) Tube Clearance. Since the lithium hydride pellets are manufactured separately

and then are placed in the tubes, there must be clearance between the pellets and the tubes.

Manufacturing tolerances ore such that the maximum clearo.,_cewill be 4 mils when the pellets

are concenlzic within the tubes. This gap will be filled with helium. These preliminary cal-

culations assumedthat the heat generated in the lithium hydride will be conducted through this

helium film. The temperature drop through this film, which will tend to increa_ the maximum

temperature at the center of the lithium hydride, was not considered in previous calculations.

5) Cracking of Li H. Thermal gradients which cause internal stressesand vibration

shocksmay crack the lithi,_n hydride which will in effect decrease its density and, therefore,

its thermal conductivity. Since the initial empty space within the capsules is limited, it |s

not believed that the pallets would s|,atter completely to a powder. Since no data is available
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to relate thermal conductivity of lithium hydride with its relative density, it was assumed

that cracking of the lithium hydride would effect an increase of 10°,,oin the temperature drop.

4.3.2.1 HEATED BLEEDCYCLE

The variation in the lithium hydride maximum temperature at the front plane of

the shield with outside tube diameter was first evaluated for the heated bleed engine in which

only the turbine drive fluid possesthrough the shield. Figure 53 showsthis relationship. The

maximum heat flux used in this calculation was 0.60 BTU/sec - in3 compared with 0.9525

BTU/sec - in3 used in previous calculations. This value of maximum heat flux was the result

of recent changes in overall shield design, thus producing a total power absorbed in _o shield

of 2.1 MW rather than the 2.79 MW value used previously in the thermal calculations (see

Section 4.3.1). Figure 53 showsthat the maximum allowable capsule diameter is 0.83 inches,

which is dictated by the melting temperature of Li H.

At this point a fixed capsule diameter of 0.5 inches waschosen with a corresponding

maximum temperature of 1000°R so that additional detailed thermal and mechanical analyses

could be mrJdeon the heated bleed shield design. A 1000°R maximum temperature was considered

a realistic design value for the lithium hydride, and a 0.5 inch diameter capsule realistic for

shield manufacturing. With this diameter and a heating ra_ of 0.60 BTU/sec - in3, the axial

maximun_temperature distribution in the pellets wascalculated for the heated bleed engine,

and the results are shownin Figure 54.

4.3.2.2 HOT BLEEDCYCLE

In a similar manner, the axial maximumtemperature distribution in the lithium

o .

Atomi_ c- '__1-u,iql.I _ 17jlr *"
4

1976069347-061



hydride pellets for the hot bleed engine shield was calculated and the resultsare reported In

Figure 55.

The difference in temperatures shown in Figure 54 and 55 is the result of a

difference in the coolant flow path and flow rate in the heated bleed and hot bleed shields.

The heated bleed engine cycle requires one passcooling through the shield at a flow rate of

4.5 I b/sec_ the hot bleed engine cycle requires two passshield cooling at a flow rate of about

70 Ib/sec. Thesetwo differences affect both the bulk temperature and the convective film

coefficient which account for the differences in the axial maximum temperature distributions.
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5.0 RADIATION LEVELSAFTEROPERATION

The radiation levels of the NERVA reactor componentsafter power operation

at 1120 MW were caJcuiated. Thesevalues will be used to determine the shielding

requirementsfor the E-MAD building and the radiation levels in the vicinity of the test

stand. The sourcesconsidered were fission products, materials in the core, and activiation

of the various components suchas the core support plate, thermal shield, reflector, control

drums,vessel, and nozzle. These values were determined for one 20 minute run and three

equally spaced 2C minute runs in 30 days.

5.1 CORE SOURCES

The fission p[oduct activity in the core after the above operating conditions was

determined for both 10CCsecondsand 24 hours decay. The source values were obtained from

Reference 8, which gives the gammaenergy spectrum from U235 fission products in seven

groupsas a function of operating time and time after shutdown. For this study, the energies

were combined into three groups. The rangesof these groupsand the NERVA sources (Sv)

after 24 hoursare as follows:

Group Energy (Ey) Energy Range S (NERVA)
V

1010 mev//cm3 sec1 0.8 Mev 0 - 0.9 Mev 8.1 x -

2 1.5 0.9- 1.8 2.0 x 1010

3 2.5 _ 1.8 1.4x 10 IC

The grouping was made by assumingthat all the energy emitted in the specified

energy range is due to photonsof energy El,. Thisassumptiontends to overestimate the dose

rates and shield requirements.
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Thesesourceswere converted to dose rotes at the surface of the core by the relations:

= 1/2 5v X

OR = ,e K (Ey),

where

), is the relaxation length for the given radiation within the volume source

( = 1/Ps cm- 1),
3

Sv is the volume source strength (mev / cm -sec),

2
j_ is the flux leaving the surface in the outward direction (mev / cm - sec),

K(EI,) is a flux to doseconversion factor and is a function of photon energy

R/llr

mev/cm 2 - sec
#

DR is the closerate (R/hr).

In order that the E-MAD building be designed to handle reactors operated at 4000 MW, the NERVA

levels could be rotioed by 4000/1120 and used for design.

The study included the activity induced in the core coolant channel cladding. It

is planned to use n4obiumfor this purpose. This activity contributes less than 1/2% to the

fission product activity 24 hoursafter shutdown.

5.2 ACTIVATION

The radiation induced activity level of various impurities and constituents of the

materials used in the reactor and engine componentswasdetermined for the following conditions:

qL.Vl_llruvuul u u_u
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a) 20 minuteoperation- 1000seconddecay

b) 20 minuteoperation- 24 hourdecay

c) three20 minuterunsequallyspacedin thirty days- 24 hourdecayafter

the third run.

Theresultingdecaygammaswerecombinedinto threeenergygroups,0.8, 1.3, and2 Mev.

Data for theaboveconditionswereobtainedby handcalculations.

Data for condition"b" was later computedfora decayrangeof 0 to 105 minutes

usinga Fortranprogramcodedfor an IBM 7090 digital computer. Thiscodecalculates the

gammabuild-up anddecayactivity for each Individual daughterof eachconstituent(up to

three daughters),sub-totalstheactivity for each constituent,andfinally givesthe total

activity. Thisdata iscalculated on a logarithmictime scale. Theseactivities in conjunction

with theenergyspectra,andyields, were usedto give the sourcestrengthsin mev/cm3 sec.

for variousreactorcomponents.Figures56 through58 showthe resultsof thesecalculations

for aluminum,niobium,and inconel. Similardata are beingcompiledfor berylliumand

graphite.

Table33 listsfor the variousenginecomponents,thematerials,and their significant

Impuritiesconsideredafter 1000 secondsoperationand24 hoursdecay.

Themethodusedin the handcalculation of the sourcestrengthsS (E), mev/cm3-secV

;sas follows:

Sv (E) = _n )'act Fsat Ey "J/(E)

......... 48
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where
.=

J_n = neutro,,nflux for theproperfastor thermalgroupconsidered,
n/cm z - sec.

-1

[act macroscopic actlvation cross section, cm
,_.

F = saturationfraction ._
sat

= (1 - e-xt) (e -Xt)

= fgrowth x fdecay

El' = energy, Mev, of photonsgiven off

"t) (E) = fractionalyield, numberof gammaof each energylevel g!venoff

It wasassumedthat )'act -- (_ N fao act

where

(_ = material density, gms/cm3

hi = number density of material, atoms/gm of pure materlal
0

f = fractional abundance In natural material times fractional

abundancein ai_oy

aact = microscopicactivation crosssec_ion9' 10of materialecm

This procedure was carried out for each reaction under consideration, and the total source

strength wasobtained by summingup the contributions o_ eachreactioninto three energy

groups,
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For example, consider stainlesssteel (18-8):

Reaction: Fe58 (n,y) Fe59 T1/2 (Fe59) = 45 days

1024N = 0.0108 x Atoms
o Gram of Pure iron

fl I I°y )= (fnatural x fa = (0.003 x 0.670) = 0.00201

= 10-24 2athermal 0.900 barns = 0.90 x cms.

= 7.9 grams/cm3

_" = l° N f (7 = (7.9 grams- Iron 1024 atoms of pure iron
' o 3 ) (.0108 x gram of pure Iron )cm

10-24(0.00201 atoms of Isotopes ) x (0.900 x cms2)
atoms of pure Iron

10-4 -1= .000154 I = 1.54 X cms
cms

Fractional

Ey, Mev Abundance Ey 3) (E)

"_ (E)

1.1 (0.56) 0.6160

1.4 (0.44) 0.6160

Total 1.2320

i
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1015 neutrons= 1.9 x 2.
n Ch_ - sec

T = 1.54 x 10 .4 cms"I
act

Fsat = Fgrowth x Fdecay = 4.9 x I0"4

E (20 mlnutes) (24 hours)

/._, r] = 1.2an.,,,,o."

-4 (1.232 Mev)Sv(E) = (1.9 x 1015 neutrons2) (1.54.cruX10-4 ) (4.9 x 10 ) neutron
Crrl sec

Mev

Mev . = 1.7663 xlO 8 3= 17.6637x 107 - 3
cm -sec cm -sec

Thesourcestrengthsfor eachmaterial for threeenergygroupsare listed in

Table34. Thescandium(Sc46) activity includedin tke table for beryllium

accountsfor lessthan4% of theactivation activity at 24 hours. Becauseof its relatively

longhalf life (84 days), this isotopemay be importantafter thedecayof suchshorthalf

life isotope;as 2.6 hourNi andMn and 15 hourNa.
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GAMMA RAYFLUXLEVELSAROUI'!D AN UNSHIELDEDKlWl B-I CCRE

(Mev/cm2 - secx 10-12) (DistanceFromCenter of Core to Detector- 5 ft.)

Gperating Time: 20 rain Operat[ .g Power:.1120 MW

Angle,o, De-jmes

E]f- Mev 0 15 30 45 60 75
0.3 11.23 9.12 6.53 5.31 8.63 7.70
0.7 46.7 38.95 27.50 20.47 29.92 32.07
1.0 40.! 38.62 24.11 18.26 25.69 27.93
1.5 36.83 31.12 23.11 18._2 24.44 26.88
2.0 30.67 26.14 19.94 16.11 21.14 23.29
2.5 25.84 22.12 17.27 14.09 18.16 19.97
2.8 16.85 14.50 11.39 15.00 19.22 21.10
3.5 45.55 39.39 31.59 25.81 32.50 35.53
4.5 20.44 17.77 14.65 12.38 15.37 16.70
5.5 7.58 6.63 5.55 4.44 5.45 5.89
6.5 2.04 1.93 1.53 .89 1.09 1.17
7.5 .506 .45 ..'_J .35 .43 .46
9.0 .09 .08 .07 .07 .06 .09

Total 284.43 246.82 1&3.62 151.30 202.12 218.78

90 105 120 135 150 165 180

8.29 6.87 5.19 3.54 8.91 12.31 1.4.19
33.88 29.13 21.68 17._9 35.46 48._° 55.55
29.34 25.50 19.18 15.57 35.18 40.71 46.74
28.02 24.70 18.93 15.39 26.80 35.50 40.54
24.14 21..SO 16.77 13.64 21.97 28.54 32.51
20.63 18.50 14.65 11.91 18.42 23.62 26.68
21.75 19.58 15.62 12.72 12.09 15.36 17.35
36.48 33.06 26.80 21.88 32.62 40.72 45.69
17.D8 15.59 12.83 10.50 14.78 18.07 20.24
6.01 5.51 4.58 3.75 5.51 6.56 7.33
1.20 1.10 .92 .75 1.48 1.75 1.95
.47 .43 .36 .30 .37 .43 .48
.09 .08 .07 .06 .07 .08 .09

227.38 201.57 157.58 127.20 213.66 272.13 309.34

dRd_1411[i I_rLITI ALe
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TABLE 2

GAMMA RAY FLUX LEVELSAROUND AN UNSHIELDED KIWI B-I CORE

(Mev/cm 2 - sec x 10-11) (Distance FromCenter of Core to Detector - 10 ft.)

Operating Time: 20 rain Operating Power: 1120 MW

Angle, o, Degrees

E), - Mev 0 15 30 45 60 75

0.3 20,08 17.18 13.79 12.481 16.507 26.430
0.7 85,31 73.28 59.77 51.174 65,110 90.178
1.0 73.92 63.84 52.64 45.838 57.228 76.420
1.5 68.83 60.C7 50.67 45.591 55.861 71.133
2.0 58.04 50.93 43.82 40.479 48.968 60.485
2.5 48.63 42.88 37.50 35.279 42.362 51.326
2.8 50.31 44.46 39.39 37,472 44.915 53.975
3.5 82.98 73.97 66.61 64,230 76.324 91.108
4.5 37.98 34.13 31.15 30.660 36.173 42.065
5.5 13.28 !1.95 !1.09 10.964 12.844 14.787
6.5 2.59 2.34 2.21 2.196 2.570 2.944
7.5 1.0 .91 .86 .863 1.007 I. 146
9.0 .18 .17 ,16 .163 .190 .215

Total 543.13 476.11 409.66 377.381 460.059 502.212

105 120 135 150 165 180

20.035 19.258 9.717 9.553 18.15 22.75 25.41
81.710 76.516 39.774 51.410 63.12 91.02 103.29
70.825 66.215 34.837 46.151 62.61 77.61 88.07
67.673 63.250 33.791 44.916 _6.52 68.83 77.85
58.338 54.639 29.506 39.257 47.12 56.13 63.37
49.870 46.822 25.470 33.915 46.38 55.25 51.88
52.614 49.463 27.003 36.016 41.15 47.97 53.63
88.314 83.264 45.776 61.286 67.71 77.83 77.46
41.377 39.135 21.649 29.089 31.33 35.18 $9.03
14.568 13.809 7.668 10.327 10.95 12.12 13.37
2.901 2.755 1.532 2.061 2.15 2.35 2.57
1." 31 1.075 .600 .810 .84 .91 .99

.213 .203 .113 .154 .16 .17 .18

549.669 516.404 277.436 364.945 448.19 548.12 597..10
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TABLE 3

GAMMA RAY FLUXLEVELSAROUND AN UNSHIELDEDKIWI B-I CORE

(Mev/cm2 - se_x 10"1I) (DistanceFromCenterof Core to Detector- 20 ft.)

Operating Time: 20 mln Operating Power: I 120 MW

Angle, a, Decjrees

E¥ - Mev 0 15 30 45 60 75

0.3 4.22 3.75 3.22 3.79 4.01 5.41
0.7 18.11 16.10 14.00 15.70 16.24 20.21
!.0 15.70 14.10 12.40 14.04 14.29 17.37
!.5 14.80 13.30 11.90 13.84 13.95 16.46
2.0 12.60 11.40 10.40 12.20 12.36 14.15
2.5 10.60 9.62 8.95 10.58 10.55 12.08
2.8 1! .00 10.00 9.43 11.20 11.18 12.73
3.5 18.03 16.80 15.90 19.12 18.97 21.37
4.5 8.43 7.78 7.55 9.09 8.97 10.02
5.5 2.95 2.74 2.69 3.24 3.18 3.53
6.5 .57 .53 .53 .64 .64 .70
7.5 .22 .21 .20 .25 .25 .27
9.0 .04 .03 .03 .04 .05 .05

Total 117.24 106.36 97.20 !13.73 114.64 134.35

90 105 120 135 150 165 180

4.81 4.73 3.41 3.21 4.19 4.86 5.47
19.74 18.81 15.46 17.23 17.00 19.80 22.30
17.14 16.29 13.7_ 15.27 14.70 16.90 19.10
16.43 15.57 13.45 14.53 13.40 15.20 17.10
14.19 13.46 11.78 12.50 11.30 12.60 14.00
12.14 !1.54 10.18 10.69 9.48 10.40 11.50
12.82 12.20 10.80 11.30 9.95 10.80 12.10
21.55 20.55 1E34 19.07 16.60 17.70 19.60
10.11 9.66 8.68 8.98 7.71 8.09 8.88
3.56 3.41 3.07 3.17 2.70 2.79 3.05

.71 .68 .61 .63 .53 ,54 .59

.27 .26 .24 .25 .20 .21 .23

.05 .05 .04 .05 .03 .03 .04

133.53 127.21 109.81 116.88 107.81 119,94 133,96

IP"_ ...... _ • I' A
_j I I_1_,,,,I I_U I,Jn, Jl_ 54
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TABLE 4

GAMMA RAY OOSERATELEVELSAROUND AN UNSHIELDEDKIWI B-1 CORE

( Rads/secx I0 -3 ) (DistanceFromCenter of Core to Detector- 5 ft. )

Operating Time: 20 rain Operating Power: 1120 MW

Angle,a, Degrees

ET - Mev 0 15 30 45 .. 60 75
0.3 8.09 6.57 4.70 3.82 6.21 5.54
0.7 34.00 28.36 20.02 14.90 21.78 23.34
1.0 27.90 26.88 16.78 12.71 17.88 19.44
1.5 23.53 19.89 14.77 11.58 15.62 17.18
2.0 18.40 15.6e 11.96 9.67 12.68 13.97
2.5 14.47 12.39 9.63 7.89 10.17 1! .18
2.8 9.10 7.83 6.15 8.10 10.38 11.39
3.5 22.96 19.85 15.92 13.01 16.38 17.91
4.5 9.65 8.39 6.91 5.84 7.25 7.88
5.5 3.27 2.86 2.40 1.92 2.35 2.54
6.5 .83 .78 .62 .36 .44 .47
7.5 .20 .18 .15 .14 .17 .18
9.0 ........ .03 .03 .03

Total 172.40 149.66 110.01 89.97 121.34 131.05

90 105 120 135 "_ 165 180

5.97 4.95 3.74 2.55 2 8.86 10.22
24.66 21.21 15.78 12.5' 25.1_1 35.29 40.44
20.42 17.75 13.35 10.b4 24.49 28.33 32.53
17.90 15.78 12.10 9.83 17.13 22.68 25.91
14.48 12.90 10.06 8.18 13.18 17.12 19.51
11.&5 10.36 8.20 6.67 10.31 13.23 14.94
! ! .74 10.57 8.43 6.87 6.53 8.29 9.37
18.39 16.67 13.51 11.03 16.44 20.52 23.03
8.06 7.36 6.06 4.96 6.98 8.53 9.55
2.60 2.38 1.98 1.62 2.38 2.83 3.17
.49 .44 .37 .30 .60 .71 .79
.18 .17 .14 .12 .14 .17 .19
.03 .03 .03 .02 .....

136.47 120.57 93.75 75.50 130.41 166.56 189.65
e

RESTRICTIll I ATA 5s i-
l
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TABLE 5

GAMMA RAY DOSERATELEVELSAROUND AN UNSHIELDEDKIWI B-! CORE

(Rads/secx 10"3) (DistanceFromCenterof Core ta Detector- 10 ft.)

C)perotingTime: 20 rain OperatingPower: 1120 MW

Angle, a, Degrees

E.I - Mev 0 15 30 45 60 75
0.3 1.45 1.24 .99 .90 !.19 1.90
0.7 6.19 5.33 4.35 3.72 4.74 5.66
1.0 5.14 4.44 3.66 3.19 3.98 5.32
1.5 4.40 3.84 3.24 2.91 3.57 4.54
2.0 3.48 3.01 2.63 2.43 2.9t 3.63
2.5 2.72 2.40 2.10 1.98 2.37 2.87
2.8 2.72 2.40 2.13 2.02 2.42 2.91
3.5 4.18 3.73 3.36 3.24 3.85 4.59
4.5 1.79 1.61 1.47 ! .45 1.71 1.69
5.5 .57 .52 .49 .47 .55 .64
6.5 .10 .09 .09 .09 .10 .12
7.5 ..... .03 .04 .04
9.0 ........... .01 .01 .01

Total 32.74 28.61 24.51 22.44 27.47 33.92

90 105 120 135 150 165 180

!.44 1.39 .70 .69 1.31 1.64 1.83
5.95 5.57 2.89 3.74 4.60 6.63 7.53
4.93 4.61 2.42 3.21 4.36 5.40 6.13
4.32 4.04 2.16 2.87 3.61 4.40 4.97
3.50 3.28 1.77 2.35 2.83 3.37 3.80
2.79 2.62 1.43 !.90 2.60 3.09 2.91
2.84 2.67 1.46 1.94 2.22 2.59 2.90
4.45 4.20 2.31 3.09 3.41 3.92 3.90
1.95 1.85 1.02 1.37 1.48 i.66 1.84
.63 .60 .33 .45 .47 .52 .57
"2 .11 .06 .08 .09 .10 .10

. 4 .04 .02 .03 ............

.01 .01 .... .01 ............

32.97 30.99 16.57 21.33 26.98 33.32 36.48

- NrlII'IIA
IpIpobqPJLJ_qPPFb, _ • qPA
_ - ,,r, l I_l__/_
Atomic i:nw, 't _L_"--_11_4 56

r ............

1976069347-073



l

'" --i • ....

..........k l_ J I I_1%. • I_ lJ stronuclear
A..-: ...... u lnc 4.-- - _w

TABLE 6

GAMMA RAY DOSE RATELEVELSAROUND AN UNSHIELDED KIWI 6-1 CORE

(_ads/sec x 10-3) (Distonce FromCenter of Core to Detector - 20 ft.)

Operating Time: 20 mln Operating Power: 1120 MW

Angle, a, Degrees

E¥ - Mev 0 15 30 45 60 75

0.3 .30 .27 .23 .27 .29 .39
0.7 1.32 1.17 1.02 1.14 !.18 1.47
! .0 1.09 .98 .86 .98 .99 1.21
1.5 .95 .85 .76 .88 .89 1.05
2.0 .76 .68 .62 .73 .74 .85
2.5 .59 .54 .50 .59 .59 .68
2.8 .59 .54 .51 .60 .60 .69
3.5 .92 .85 .80 .96 1.78 I .b8
4.5 .39 .37 ,36 .43 .42 .47
5.5 .13 .12 .12 .14 .14 .15
6.5 .02 .02 ,02 .03 .03 .03
7.5 .01 .01 .01 .01 .01 .01
9.0 ..................

Total 7.07 6.40 &81 6.76 7.66 8.08

90 105 120 135 150 165 180

.35 .34 .24 .23 .30 .35 .39
1.44 1,37 1.12 1.25 1.24 1.44 1.62
1.19 1.13 .96 !.06 1.02 1.18 1.33
1.05 .99 .86 .93 .86 .97 1.09

,85 .81 .71 .75 .68 .76 .84
•68 .65 .57 .60 .53 .58 .64
.69 .66 .58 .61 .54 .58 .65

1.09 i .04 .92 .96 .84 .89 .99
.48 .46 .41 .42 .36 .38 .42

.15 .15 .13 .14 .12 .12 .13

.03 .03 .02 .02 .02 .02 .02

.01 .01 .01 .01 .01 .01 .01

8.01 7.64 6.53 6.98 6.52 7.28 8.13

_l --''_ , J 0"_1"I Jk ] |.4_1w

RESTRIq I :iD!1 57
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TABLE 7

FAST HEU11_ON DOSE RA1ELEVELSAROUND AN UNSHIELDED KIWI B-1 CORE

Rack(ethylene) / Sec

Operating Time: 20 mln Operating Power" 1120 MW

Angler at Degrees

Distance,
Feet 0 15 30 45 60

5 !.62 x 105 1.38 x 105 9.68 x 104 5.08 x 104 4.65 x 104

10 3.01 x 104 2.61 x 104 2.00 x 104 !.32 x 104 i.08 x 104

20 6.45 x 103 5.69 x 103 4.57 x 103 4.74 x 103 2.84 x 103

Angle, a, Degrees

Distance,
Feet 75 90 105 120 135

5 4.23 x 104 4.49 x 104 3.83 x 104 3.35 x 104 4.49 x 104

10 1.37 x 104 1.10 x 104 1.12 x 104 6.01 x 103 1.31 x 104

20 3.01 x 103 2.69 x 103 2.78 _ 103 2.69 x 103 4.85 x 103

Angle, at Degrees

Distance,
Feet 150 165 180

5 1.09 x 105 1.52 x 105 1.76 x 105

10 2.17 x 104 2.90 x 104 3.33 x 104

20 4.94 x 103 6.33 x 103 7.22 x 103

1976069347-075
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TABLE 8

TOTAL DOSE RATELEVELSAROUND AN UNSHIELDED KIWI B-1 CORE

Rads(ethylene) / Sec

Operating Time: 20 min Operating Power: 1120 MW

Angle, a, Degrees

Distance,
Feet 0 15 30 45 60

5 3.34 x 105 2.92 x 105 2.07 x 105 1.41 x 105 1.66 x 105

10 6.88 x 104 5.47 x 104 4.45 x 104 3.50 x 104 3.80 x 104

20 1.35 x 104 1.21 x 104 !.04 x 104 1.14 x 104 1.05 x 104

Angle, a, Degrees

Distance,
Feet 75 90 105 120 135

5 1.72 x 105 1.85 x 105 1.58 x 105 1.26 x 105 !.20 x 105

10 4.80 x 104 4.40 x 104 4.20 x 104 2.30 x !t34 3.A.Ox ;G4

20 i.II x 104 1.07 x 104 1.04 x 104 9.20 x 10" 1.21 x 104

Angle, a, Degrees

Distance,
Feet 150 165 180

5 2.39 x 105 3.18 x 10_i 3.65 x 105

10 4.86 x 104 6.24 x 104 6.98 x 104

20 1.15 x 104 1.36 x 104 1.54 x 104

C• HFIDENTI
irl m_P,a_ • 59&.l.o _/u5-1"l_I *"

f
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TABLE 9

TOTALFASTNEUTRON FLUX LEVELSAT SEVERALDISTANCESFROM CENTEROF

UNSHIELDEDKlWl B-I CORE

REACTORPOWER. 1120 MW

Total FastNeutron Flux, N/Cm2 - Sec

Distance,
Feet a = 0° a = 90° a = 180°

1013 1013 10135 8.257 x 2.89 x 7.023 x

1013 1012 101310 1.534x 7.06 x 1.265x

10TM 1012 101220 3.287 x 1.73 x 2.744 x

TABLE 10

THERMALNEUTRON FLUX LEVELSAT SEVERALDISTANCESFROM CENTEROF THE

UNSHIELDEDKIWI B-1 CORE

REACTORPOWER.. 1120MW

ThermalNeutronFlux, N/Cm2- Sec

Distance,
9o° 18o°Feet a = 0° a = a =

1013 1013 10125 2.038 x 5.984 x 1.489x

1012 1013 101110 3.786 x 1.455x 2.818 x

20 8.114 x 1011 3.573 x 1012 6.108 x 1010 -.

e]i:lD 60

"l
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TAGLE 11

FASTNEUTRON FLUXESOUTSIDEAN UNSHIEI..DEDKIWI B.-1CORE

(Neutrons/cm2 - see.) (DistanceFromCenterof Coreto Detectarw5 feet)

OperatingTime: 20 mln Operating Power: 1120 MW

NeutronEnergyGroup a = 0° a -- 90° a -- 180°

6.07 - 10 Mev 3.823 x 1011 0.571 x 1011 5,410 x 1011
3.68 - 6.07 21.872 2.623 25.160
2.23 - 3.68 50.636 5.365 58,144
1.35 - 2.23 110.691 44,681 137,915
.821 - 1.35 107.485 30.609 114.112
.498 -. 821 101.347 25.803 115.203
.302 - .498 48.218 22,845 53,186
.183 -. 302 4.096 0.794 3.216
.111 -. 183 14.326 1.982 8.246
.0674 -. 111 8.551 1.382 5.285
.0248 - .0674 15.032 3.133 10,917
.00912 - .0248 4.382 1.045 3.216 .
.00335 - .00912 4.813 I. 143 3.275

• .00123 - .00335 44.613 12.759 34.447
454 - 1230 ev 42.296 14.256 31.546
167 - 454 41.212 15.229 27.576
101 - 167 22.691 8.909 13.418
61,3 - 101 22.064 9.021 11.863
37,2 - 61.3 21.416 9.165 9.030
22.6 - 37.2 20.611 9.270 7.567
13,7- 22.6 22.213 10.645 5.476
8.32- 13.7 18.524 9.499 4.577
5.1 - 8.32 16.997 9.169 4.285
3.06 - 5. I 16.299 9.796 3.726
1.86 - 3.06 14.651 9.583 3.035
1.125- 1.86 13.416 9.664 2.737
.625 - 1.125 13.457 _O.923 ....

Total 825.735 x 1011 289.864x 1011 702.568 x 1011

-'_,,_.... .,_,m_ ..._ ............ , .... _-- . .................................
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TABLE 12

GAMMA RAY FLUXLEVELSONE FOOT FROMTHESURFACEOF THE
PRESSUREVESSELAND NOZZLE END OF THEUNSHIELDEDCORE

. 10"13Mev/_m2/- secx OperatingTime: 20 rain
AngJee aw Degrees Operating Power: 1120 MW

E1P, Mev 0° 25° 54° 90°
0.3 1.072 .709 .853 2.028
0.7 4.593 3.208 3.923 8.373
1.0 3.962 2.806 3.498 7.236
1.5 3.651 2.644 3.447 6.819
2.0 3.033 2.231 3.045 5.832
2.5 2.571 1.912 2.703 5.057
2.8 1.973 1.475 2.139 3.955
3.5 3.375 2.551 3.838 6.930
4.5 1.563 1.193 1.871 3.302
5.5 .545 .419 .669 1.164
6.5 .151 .117 .192 .331
7.5 .058 .045 .075 .129
9.0 .009 .007 .012 .020

J

Total 26. 556 19.317 26.265 51.176

E)', Mev 126° 162° 180°

0.3 .597 2.089 3.518
0.7 2.881 8.774 14.572
1.0 2.606 7.425 12.217
1.5 2.621 6.503 10.492
2.0 2.349 5.229 8.311
2.5 2.108 4.333 6.812
2.8 1.677 3.325 5.196
3.5 3.041 5.589 8.630 "
4.5 1.497 2.549 3.891
5.5 .539 .872 1.320
6.5 .155 .239 .361
7.5 .061 .092 .138
9.0 .009 .015 .022

Total 20.141 47..034 75.480

C- u anucn
62



_ktnmie I:--._. " .... _• .,4
TABLE 13

GAMMA RAY DOSERATELEVELSONE FOOT FROM THESURFACEOF THE
PRESSUREVESSELAND NOZZLE-END OF THEUNSHIELDEDCORE

Rads/secx 10-3 OperatingTime. 20 mln
Angle, a,Degrees OperatingPuwer: 1120 MW

Ey, Mev 0° 25° 54° 90° "*

0.3 7.718 5.105 6.142 14.602
0.7 33.437 23.354 28.559 60.955
1.0 27.576 19.529 24.346 50.363
1.5 23.329 16.895 22,026 43.573 !
2.0 18.198 13.386 18.270 34.992
2.5 14.398 10,707 15.137 28.319
2.8 10.654 7.965 11.551 21.357
3.5 17.010 12.857 19.343 34.927
4.5 7.377 5,631 8.831 15.585
5.5 2.354 1.810 2.890 5.028
6.5 .235 .474 .778 1.341
7,5 .226 .176 .293 .503
9.0 .034 .027 .046 .076

__..,__
Total 162.546 117.916 158.212 311.621

El', Mev 126° 162° 180°

0.3 4.298 15.041 25.329
0.7 20.974 63.875 106.08t
1.0 18.138 51.678 85.03g
1.5 16.748 41.554 67.044
2.0 14.094 31.374 49.866
2.5 11.805 24.265 38.147
2.8 9.056 17.955 28.058
3.5 15.327 28.169 43.495
4.5 7.658 12.031 18.366
5.5 2.328 3.767 3.702
6.5 .628 .968 1.462
7.5 .238 .359 .538
9.0 .034 .057 .084

Total 121.326 291.093 469.205



TABLE 14

FASTNEUTRON DOSERATESONE FOOT FROM THESURFACEOF THE
PRESSUREVESSELAND NOZZLE END OF THEUNSHIELDEDCORE

Rads(ethyleneySec. . ......

a DN

0° 1.987x 105

25° 1.458x 10_
54° 6.491 x 10_
90° 1.391x 10_

126° 4.756 x 10._
162° 3.390 x 10_
180° 5.597 x 10-

TABLE 15

TOTALDOSERATESONE FOOT FROM THESURFACEOF THE
PRESSUREVESSELAND NOZZLE END OF THEUNSHIELDEDCORE

Rads/,se¢

a DN

0° 3.612 x 105
25° 2.637 x 103
:4 ° 2.231 x 105
90° 4.507 x 10

126° 1.689x 10
162° 6.301 x 105
180° 1.029x 10.5

64
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- TABLE 16

NEUTRON FLUXLEVELSONE FOOT FROM THESURFACEOF THE
PRESSUREVESSELAND NOZZLE END OF THEUNSHIELDEDCORE

2
Neutrons/ cm -sec.

Angle, a FastFlux ThermalFlux ,,
1013 10120° 7.545 x 1.680x

1013 10TM90° 8.569 x 1.767 x

10TM 1013180° 2.853 x 7.0_I x

TABLE 17

HEATINPUT TO PROPELLANTTANK

W (MW) W (MW) W _MW) WTot.(MW)TankAngle ], n n, y
25° 0.331 0.070 0.239 0.640

30° 0.462 0.095 0.329 0.886

37.5° 0.663 0.130 0.450 i. ;,.43

W = Core GammaHeating
7

W = FastNeutronKinet;c Heatingn

W = CaptureGammaHeating
nt Y

65
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TABLE 18

TOTALAND MINIMUM SHIELDWEIGHTSFOR_ CEN11ERLINEA1ENUATION
(LithiumHydride- StainlessSteel Shield)

, | mwl •

PerCent Lithium Hydride Stalnleu Steel ShieldWeight
Steel Thickness,cm. Thickness,cm. _m/cm

z

0 47.5 0 31.21
20 15.1 3.78 36.63
40 10.25 4.39 37.75
60 8.65 5.77 46.45

PerCent To0alShield Additional* Engine.Wllight** Total 2
Steel Thickness,cm. ml.e_th, cm. _/'cm z Weight,gm/cm

0 47.5 34.8 35.64 66.85
20 18.88 6.18 6.33 42.96
40 14.64 1.94 1.99 39.74
60 14.42 1.72 1.76 48.21

MinimtnnTotal Weightat 28 percent Steel

Therefore,shieldthickness = 14.64cm.

= 10.54cm. Lithium Hydride

= 4.1 cm. StainlessSteel

* AdditionalLength = ShieldThickness- 12.7 cm.

"" EngineWelnht = 1.024g_n/'cm3 x Additional Len_dh

66
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TABLE 19

SHIELDTHICKNESSESFORVARIOUSATTENUATING FACTORS

(SHIELDMATERIAL:63% LI H, 27% SS,10% VOID BY VOLUME)
• i i i|

PERCENT SHIELD
ATI_NUATION THICKNESS, cm.

8O% 14.64

90% 22.50

93% 25.71

96% 31.86

, i

67
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TABLE 20

SHIELDEDTANK HEATINPUT, MW
T

TANK I
ANGLE SHIELDTHICKNESS,cm.

14.64 22.5 25.71 31.86

_° /.,o6 /.°so. _

_" .139

/ .155 / o914
* Ul_perNumber: ShieldRadius= Core Radi_ -- 45.059 cm.

LowerNumber: SSleidRadius= ReflectorRadius = 62.099 c,-n.

TABLE21

TANK HEATINPUT REDUCTIONFACTORS,PERCENT

TANK

ANGLE SHIELDTHICKNESS,cm.
14.64 22.5 25.71 31.86

/ 83.4 f.r 92.2 /93.9 / 96.7

/ e4.3 /9o.4 / 92.5 /* 95.i

37.5° 63.6 69.1/ 71._ ,/ 74._
__.0 /* 84.9 /" 87.5 /" 93.7

68
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TABLE 22

SHIELD WEIGHTS

Shield . **
11_ickmm,cm. W , Ibs. WR, Ibs.C

i

14.64 537 1019

22.5 825 1566

25.71 942 1790

31.86 1168 2218

* ShieldRadius = CoreRadius

** ShieldRadius = ReflectorRadius

69
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TABLE 23

GAMMA RAY FLUXLEVELSAROUND A SHIELDEI_KIWI B-1 CORE

(i_-ev/c. 2 - secx 10"12) (DistanceFromCenterof Coreto Detector- 5Ft.)

OperotingTime: '20rain Opemflng Power: 1120MW

Angle, a,

El', Mev 0 15 3O 45m

0.3 --- --- .00 1.62

0.7 .19 .23 1.20 9.19

1.0 .35 .40 1.52 8.99

1.5 .77 .84 2.26 9.73

2.0 .91 .98 2.38 9.00

2.5 1.10 1.07 2.40 8.36

2.8 .89 .93 2.01 6.70

3.5 1.91 1.98 4.02 12.43

4.5 1.05 1.08 2.11 6.22

5.5 .40 .41 .79 2.27

6.5 .14 .14 .26 .74

7.5 .04 .04 .00 .23

9.0 .01 .01 .01 .05

TotaI 7.67 8.11 19.12 75.61

* MaxlmumShield
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TABLE 26
s

GAMMA RAY DOSERAIIELEVELSAROUND A SHIELDEDKIWI B..-I CORE

(Rack/Sec x 10"2) (DistanceFromCenterof Cote to Detector - 5 feet)

Operating/ime: 20 Min OperatingPower: 1120MW
•Anglewa, Degrees

E),, Mev 0 15 30 L 45
0.3 .014 .022 .576 11.664

0.7 1.383 1.674 8.736 66.903

1.0 2.436 2.784 10.579 62.570

1.5 4.920 5.367 14.441 62.175

2.0 5.460 5.880 14.280 54.480

2.5 5.656 5.992 13.440 46.816

2.8 4.806 5.022 IO.854 36.180

3.5 9.626 9.979 20.261 62.647

4.5 4.956 5.098 9.959 29.358

5.5 1.728 1.771 3.413 9.806

6.5 .567 .567 1.053 2.997

7.5 .156 .156 .312 .897

9.0 .034 .034 .038 .190

Total 41.742 44.346 107.942 446.683

!

_lilAii_ ilPIIII&p|IqPi I • _rO
_tlW ll_ww_ w w_w _'

h_ W w_W_ w Imi_ iVB'qb IIB'ql

Atomic I: "Im dn_n_ -- " .. _uqw v'- '_
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TABLE 27

GAMMA RAY DOSERATELEVELSAROUND A SHIELDEDKlWl B-I CORE

(Rads/secx 10"I) (DlstonceFromCenterof Care to Detector - 10 feet)

Operating Time: 20 rain OperatingPower: 1120 MW

Angle, a, Degrees

Ey, Mev 0 15 30 45i

0.3 .058 .072 1.368 17.712

0.7 4.150 4.514 19.510 117.936

1.0 6.751 7.064 23.455 114.353

1._ 12.652 13.163 31.758 119.046

2.0 13.740 13.920 32.040 107.040

2.5 13.944 14.112 30.520 93.576

2.8 11.664 11.826 24.786 72.954

3.5 22.982 23.335 46.872 128.016

4.5 11.658 11.894 23.506 60.699

5.5 4.061 4.190 8.165 20.390

6.5 1.256 1.337 2.633 6.237

7.5 .351 .351 .741 1.870

9.0 .076 .076 .152 .380

i

Total 103.343 105.854 245.506 855.184

41-

.......... " • I 74
_,vllrli/_ll l Iw-_e -.

KG I KI'_,II./I_l-'_'_----'_--I_--__,oral A T •IiVn IIw-_ ..

\
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T a,BLE 28

GAMMA RAY DOSERATELEVELSAROUND A SHIELDEDKIWI S-I CORE

(Raas/secx 10°) (Dis_u.-_.eFromCenterof Core to Detector - 20 Feet)

OperatingTime: 20 min Operating Power: 1120 MW

Angle, (,, Degrees

Ey,Mev 0 15 30 45
_ i

0.3 .144 .360 4.608 21.672

0.7 9.755 13.541 58.822 188.625

1.0 15.730 20.114 68.765 195.854

1.5 29.075 34.634 90.163 222.180

2.0 31.500 37.200 90.360 209.040

2.5 31.864 37.408 85.568 188.832

2.8 26.676 31.158 69.174 149.364

3.5 52.618 61.286 130.234 269.960

4.5 26.715 31.341 65.183 130.791

5.5 9.331 11.016 22.680 44.626

6.5 2.916 3.483 7.250 13.932 •

7.5 .858 1.014 2.106 4.134

9.0 .190 .228 .456 .874

TotaI 237.372 282.783 695.369 1639.884

if" il_ll_l I'_a"klTI A I±d_ ............. 75 !
RECTDI/"TPr_ F_ ,. 'r •m
wm ....... w mlIW IB'nlw _

I A/o..-_.'-_=...... " .....
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TABLE 29

TOTALFASTNEUTRON DOSERATESAROUND A SHIELDEDKIWI B-I CORE

Rads(ethylene)/Sec

Angle, a, Degrees

Distance,
Feet 0 15 30 45

5 9.40 x 10_- 1.12 x 103 4.62 x 103 1.97 x 104

10 2.54 x 102 2.81 x 102 9.33 x 102 2.77 x 103

20 6.08 x 101 7.86 x 101 2.19 x 102 4.66 x 102

TABLE 30

NEUTRON FLUXLEVELSAT VARIOUSDISTANCESFROM A SHIELDEDKIWI B--1 CORE

Angle a = 0°

2
Distance, Neutrons/ cm - sec

Feet Fast Thermal

10115 4.248 x 6.772 x I09

101110 1 _48 x 1.828 x 109

101020 2.749x 4.381 x 108

............ • I 76
%uINrlUEN I II'LL- .

I
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TABLE 31

TOTAL DOSE RATESAROUND A SHIELDED KIWI B-1 CORE

RADS/SEC

Opemtlng Time: 20 mJn Operating Power: 1120 MW

Angle, a, Degrees

Distance,
Feet 0 15 30 45

5 5.11 xlO 3 5.56 x 103 1.54 x 104 6.43 x 104.

10 1.28 x 103 1.34 x 103 3.38 x 103 1.13 x 104

20 2.98 x 102 3.61 x 102 9.14 x 102 2.11 x 103

77

t
_ _w_l. Jr _
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TABLE 32

FASTNEUTRON FLUXESOUTSIDEA SHIELDEDKIWI B--1REACTORCORE

(Neutrons/,:m2 - sec) (DistanceFromCenterof Core to Detectore5 feet)

Angle a = 0°

NeutronEnergyGroup . Flux
6.07 - 10 Mev 14.000x 10B
3.68 - 6.07 55.444
2.23 - 3.68 145.462
1.35 - 2.23 486.562
.821 - 1.35 757.152
.498 - .821 1001.509
.302 - .498 450.994
.183 - .302 22.277
•111 -. 183 83.048
.0674 -. 111 42.815
.0248 - .0674 80.096
.00912 - .0248 21.082
.00335 - .00912 19.328
.00123 - .00335 173.300

454 - 1230ev 166.936
167- 454 157.097
101- 167 74.938
61.3- 101 72.309
37.2 - 61.3 68.998
22.6 - 37.2 65.045
13.7 - 22.6 60.390
8.32 - 13.7 54.911
5.1 - 8.32 48.578
3.06 - 5.1 41.619
1.86 - 3.06 34.268
1.125 - 1.86 26.953
.625 - 1.125 22.950

Total 4248.061x 108
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Atom i_rliLiijijlj_ll_4_ TABLE33

SIGNIFICANT CONSTITUENTS IN COMPONENT MATERIALS AFTER20 MINUTES OPERATION

&ND 24 HOURS DECAY

ALUMINUM - Commercial Grades

Constituent Maximum Activation HoJf Source Strength
Concentration Process Life* 20 m:n exposu-e- 24 hr decay

( Wt - %) (mev/cc - sec)

0.8 Mev 13 Mev 2.0 Mev

Aluminum 80 AI27(n,a ) Na24 15 h 1.2 x 108.. 2.3 x 108

Copper 6.8 Cu63(n,I ,) Cu64 12.8 h 7.6 x 107

Manganese 0.9 Mn55(n,1,) Mn56 2.6 h 1.7 x 108 1.8 x 108

Zinc 6.1 Zn64(n,y) Zn 65 245 d !.0 x 107

TOTAL 1.7x108 2.0x 108 4.1x!08

STAINLESS STEEL - Type 18-8
,m . • i IIW,L ,

Iron 67.0 Fe54(n,p) Mn54 290 / . .4 "..0_

Fe58(n,1,)Fe59 45 L ** 4/.s x 107

Chromium 20.0 crS"_(n,1,) Cr51 27.8 d ,.:" .. ;i-/"

Mn55(n,y) " 109Manganese 2.0 Mn56 2.6 h i " :_ "* 1.1 x

Cobalt 0.2 Co59(n,),) Co60 5.27 y i.2 x 108

Nickel 11.0 Ni58(n,p) Co58 71 d 7.2 x 107 7.3 x 106

Ni64(n,y) Ni 65 2.6 h 3.6 x 106
i , i i

TOTAL 1.3 x 109- 1.8 x 108 1.1 x 10_

J *isotopes whosehalf lives are less than 1 hour are omitted from the table since they will have
decayed by seven decades (10"7).

**Cr 51 decay photonshave an energy of .32 Mev and therfore are not included in the total.

iris gk ii lira g _ _L.mir - -• 'qiw In_'i-I1 l l/ULll i
t t . • uh uV.' 79
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TABLE33 Con't

INCONEL - X

Constituent Maximum AcYvatlon Half Source Strength
Concentration Proce_ Life* 20 mln. exposure - 24 hr decay

(Wt.- %) (mev/cc - sec)

0.8 Mev 1.3 Mev 2.0 Mev

Nickel 70 Ni64(n,1,) N;65 2.6 h 1.1 x*l_)8 2.5 x 107

Ni58(n,p) Co58 71 d 9.8 x 108 9.8 x 106
** 7

Chromium 16 Cr50(n,y) Cr51 27.8 d 9.8 x 10

Copper 0.2 Cu63(n,y) Cu64 12.8 h 6.7 x 106

Cobalt 1.0 Co59(n,y) Co60 5.27 y 6.2 x 108

Manganese 1.0 Mn55(n,y) Mn56 2.6 h 6.2 x 108 5.6 x 108

Tantilum 1.2 Ta181(n,y) Ta182 i15 d 2.2 x _)8 9.5 x 108

TOTAL 1.6x l09 1.6x 109 5.6x 10B

BERYLLIUM

(PPM)

Sodium 150 Na23(n,y) N 24 15 h 2.75 x 107 5.52 x 107

Nickel 400 Ni58(n,o) Co58 71 d 3.5_ x 105 3.46 x 105

Manganese !50 Mn55(nsy) Mn56 2.6 h 4.08 x 106 4.13 x 106

Scandium 3 Sc45(n,y) Sc46 84 d 1.45 x 106 1.82 x 106

Cobalt 5 Co59(n,y) Co60 5.27y 1.67 x 105

Copper 150 Cu63(n,y) Cu64 12.8 h 2.42 x 105

Aluminum 1600 AI27(np)Na 24 15 h 3.34 x 105 6.56 x 105

TOTAL 5.88 x 106 3.01 x 107 6.03 x 107

GRAPHITE

Sodium 200 Na23(n,1) Na24 15 h 2.2 x 107 4.4 x 107

Manganese 180 Mn55(n,7) Mn56 2.6 h 2.9 x 106 2.9 x 106

Cobalt 100 Co59(n,y) C00g 5.27 y 2.2 x 106

TOTAL 2.9x 1C6 2.4x 107 4.7x 107

1"9 II I/_ (*)(**) Refer to previous page. ..

80 I

|
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TABLE 34

RESULTANT SOURCE RTRENGTHS IN COMPONENT MATERIALS AF1ER 20
MINUTES OPERATION AND 24 HOURS DECAY

Mev

SOURCE STRENGTH (Sv) 3COMPONENT COMPONENT ¢m - sec
MATERIAL LOCATION 0.8 Mev 1.3 - Mev 2.0 Mev

i i J

Beryllium R¢'!ector 0.59 x 107 3.0 x 107 6.0 x 107

Graphite Reflector 0.29 2.4 4.7

Alumlnum Support 17. 21 41
Plate or
Reactor
Vessel

i

Ir.conel - X Nozzle 160 170 56

Reflector
Stainless Steel or

(18-8) Nozzle 130 18 110
_r

3hleld

1010. 1010Uranium Oxide 8.1 x 2.0 x 1010 1.4 x

+ Core _ 120 MW) 1012 1012Carbon 6.4 x 1012.* 8.5 x 6.1 x

J,

* 24 hoursafter three equall7 spaced 20 minute runs in 30 days.

** 1000 secondsafter nne 20 minute run.

i'

j"
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OPERATING POWER, 1120 MW

OPERATIK_ TIME : 20 MINUTES

0 o

131 X

180°

Figure 2 537554GammaRay Flux Levels Around an UnshieJdedRr_c'rn.,-'..,-,.- ,_ - 1'̂....... . ,.w, ,_ ..... KIWI 8,-I Core(MEV/CM'_--SEC)
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1976069347-098



CC,., ,,.,.,. ,,AL_
•. • IA_A

qiV_ .. --

OPERATING POWER =1120 MW

OPERATING TIME : 20 MINUTES

O"

180"
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OPERATING POWER: 1120 MW

OPERATING TIME: 20 MINUTES
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Figure 5 537556

Total Dose Rate Levels Around an Unshielded
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